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PAPERS 


GREAT LAKES TRANSPORTATION 
By M. C. TYLer,! M. Am. Soc. C. E. 


SYNOPSIS 


The Great Lakes and their connecting channels are of great importance in 
the national economy and the national defense. The steel industry of the 
United States was largely built up around lake transportation, and the Great 
Lakes also afford low-cost transportation for grain and coal. This paper is an 
attempt to outline the history and effects of lake transportation, the works 
built during a century for the benefit of navigation, and to describe the existing 
commerce and shipping. The combined Lake and rail movement of bulk 
commodities is shown to be efficient and economical. The system has been 
developed gradually through the co-operative effort of the Government, the 
railroads, industry, States, municipalities, and the owners and operators of 
vessels. It demonstrates that good engineering practice and sound business 
- Judgment, applied to plans laid down only so far ahead as definite benefits 
can be foreseen, can produce remarkable results. 


HistTorIcaL 


’ Water transportation on the Great Lakes and on the St. Lawrence River and 
its tributaries has had a tremendous influence on both the political and economic 
history of the United States and Canada. The first English colonies were 
established on the Atlantic seaboard in Massachusetts and Virginia at about 
the same time that Champlain set up his stockade at Quebec in 1608; so the 
English and the French got practically an even start at conquering the American 
wilderness. However, water transportation by way of the St. Lawrence River, 
the Great Lakes, and by the Ohio, Illinois, Fox, and Mississippi Rivers (see 
Fig. 1), gave the French explorers, missionaries, and traders a great advantage 
in freedom and rapidity of movement. By 1755, when the English felt strong 
enough to attempt to push their claims over the Alleghenies and establish 
themselves in the Ohio Valley, the French, due to water travel and trade, had 
swung around in front and far ahead of them, and had built missions, forts, and 
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trading posts at Sault Ste. Marie, Mackinac, Green Bay, Niagara, on the Ohio, 
Illinois, and Mississippi Rivers, and at Ticonderoga and Crown Point, on 
Lake Champlain. The British had only one post on the Great Lakes, a small 
one at Oswego on Lake Ontario. When General Edward Braddock made his 
futile attempt in 1755 to capture Fort Duquesne, a body of French and Wis- 
consin Indians was in the battle that resulted in his disastrous defeat. The 
British, moving overland through a wilderness, could make no headway against 
the French, who were able to concentrate quickly by water at any threatened 
point. Only when General James Wolfe cut the root of the French water- 
transportation system by the capture of Quebec in 1759, and Baron Jeffry 
Amherst, making use of water transportation, proceeded from Oswego with 
10 000 men and 1 300 Indians in hundreds of bateaux and captured Montreal, 
in 1760, did the far-flung French Empire in America collapse, and then New 
France became British territory. 

During the American Revolution, water transportation available to the 
British from Quebec and Montreal, nearly brought disaster to the Colonial 
Revolutionary cause. General John Burgoyne reached Saratoga by means of 
water transport and Sir John Johnson with his Tories and Indians, from Fort 
Niagara as a water base, raided the settlements in New York and Pennsylvania 
along the Mohawk and the Susquehanna Rivers. Even after the treaty of 
peace, water transportation enabled the British to hold the forts on the American 
side of the Lakes for a number of years in violation of its terms. 

Again, in 1813, water transportation on the Lakes played a decisive rdle. 
The British, with their Indian allies, captured Detroit and Mackinac, and kept 
General William Henry Harrison’s army ineffective on the Maumee River 
through the command of Lake Erie by a small British squadron which kept 
Commodore Oliver Hazard Perry’s war vessels blockaded in Erie Harbor. It 
looked as if the United States might lose all of its Northwest Country. For 
some unknown reason, the British squadron left its station in front of Erie long 
enough for Commodore Perry, unmolested, to work his vessels across the bar, 
on which there was about 5 ft of water. The victory over the British squadron 
at Put-in-Bay followed; the United States regained the advantages of water 
transportation for movement and supply; and Commodore Perry, using his 
own and the captured vessels, ferried General Harrison’s troops to the Canadian 
side. Detroit was re-occupied and the British and Indians were defeated in 
the Battle of the Thames. Had not the control of the Lakes been retaken, . 
it is quite probable that the great iron ore deposits of this country might now 
be in Canada. 

Steamboat navigation began on the Great Lakes in 1816, with a steamer 
running between Ogdensburg, N. Y., and Lewiston, N. Y., on the Niagara 
River. The first steamboat on Lake Erie was put in operation in 1818. The 
opening of the Erie Canal between the Hudson River and Buffalo, N. Y., in 
1825 and the Oswego Branch to Lake Ontario in 1828, and, the completion of 
the first Welland Canal connecting Lake Erie and Lake Ontario around Niagara 
Falls, in 1829, expedited the settlement of Michigan, Wisconsin, and Northern 
Illinois. By 1830, a daily boat line was running between Buffalo and Detroit. 
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The population of Michigan, which was only 4 762 in 1810, reached 212 000 
in 1840; and Michigan was admitted as a State in 1837. 

From 1835 to 1845, settlers from the Eastern States poured into the south- 
eastern part of Wisconsin, founding Milwaukee and other cities along the 
western shore of Lake Michigan, with the result that Wisconsin was admitted 
to the Union in 1848. In 1833, Chicago, IIl., received its first charter as a 
city and a port of entry, and in 1840 had a population of about 4 500. 

Naturally, the early commerce on the Lakes was in grain from the newly 
broken prairies, lumber from the virgin forests to Eastern markets, and in 
manufactured goods destined to the West. The first bulk cargo of grain was 
shipped from Chicago to Buffalo in 1839—about 1 600 bushels of wheat. Five 
days were consumed in getting the cargo aboard, fourteen days in making the 
run to Buffalo, and seven days in discharging the cargo. In 1840, Chicago 
shipped six cargoes of wheat, aggregating 10 000 bushels, and during that year 
a grain elevator was built and equipped with steam elevating machinery. 

The original forest of white pine mixed with red or Norway pine stretched 
across Michigan, Northern Wisconsin, and Eastern Minnesota. As early as 
1850 the lumbering operations in Michigan were extensive. It is stated 
that there were 61 saw-mills in operation in the State in 1854. By 1890, 
Michigan, Wisconsin, and Minnesota were cutting more than one-third of all 
the timber harvested in the United States. This timber supplied the Eastern 


market and built the towns and farm buildings throughout the Middle West 


and the Northwest. 

Buffalo, with its strategic location at the eastern end of Lake Erie and the 
western terminus of the Erie Canal, naturally became the principal receiving 
port and milling point for grain, and Tonawanda, N. Y., the market for lumber, 
destined for Eastern consumption and for export. Likewise, Chicago and 
other Lower Lake Michigan ports received great quantities of lumber for 
distribution through the Middle West. 

The earliest explorers had known of the presence of large deposits of virgin 
copper in the Lake Superior region. It is stated that Benjamin Franklin, 
when negotiating the treaty of peace in Paris, France, at the close of the 
American Revolution, had access to the records of French explorers and that 
he drew the boundary line through Lake Superior so as to include the copper 
deposits in the American possessions. He is reported to have said, ‘‘The time 
will come when drawing that line will be considered the greatest service I ever 
rendered my country.” He did better than he knew, for he included the iron 
ore deposits as well. Several companies were organized for mining copper and 
silver in the Thirties and Forties, but it is stated that at the time of the Civil 
War only two were paying dividends. In 1865, the Calumet and Hecla Mining 
Company operations were started and from that time thousands of tons were 
produced annually. Until Montana and Arizona became important producers 
of copper, about 1880, Michigan was the principal source of supply in the 
United States. Iron ore was discovered near Marquette, Mich., in 1844, and, 


on a small scale, was reduced at the mines and shipped by water in the form 
of excellent iron. 
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ani ee ee de 7 oleae Seoul was blocked by the 
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quette by wagon to the Lake, loaded aboard a schooner 
and taken to Sault Ste. Marie where it was unloaded, carried around the rapids, 
and reloaded on another vessel. 

The State of Michigan, with funds obtained from the sale of lands under a 
Federal land grant, constructed a canal with locks around the rapids and 
opened it to commerce in 1855. The first through shipment of iron ore to an 
Erie port was made in the same year in the brigantine, Columbia. The panic 
of 1857 arrested development temporarily, but the Civil War created a great 
demand for iron with which to arm, equip, and supply the largest Army and 
Navy which up to that time the nation had ever been called upon to raise 
and maintain. Thus, again, Lake transportation became an important factor 
in military operations and contributed materially to their successful conclusion. 

The opening of the St. Marys River to through water transportation made 
the Lake Superior lumber available to Eastern and Chicago markets. Duluth, 
Minn., and Superior, Wis., at the head of the Lake, came into being as supply 
points for lumbermen and, in 1870, were dependent on the lumber business. 
However, in 1871, wheat began moving from Northern Minnesota by Lake 
and, rapidly thereafter, with the settlement of North Dakota and Montana 
they became the outlet for grain from these States, as well as from Northwestern 
Minnesota destined for the Eastern markets and for export. 

At the close of the Civil War the great era of railroad building throughout 
the United States required an enormous supply of iron. To meet it, furnaces 
were built and expanded in the area between Lake Erie and the Monongahela 
River, where ore by Lake and coal by rail and river could be brought together 
with a minimum of expenditure of time and money. Thus, the great steel 
industry in Western Pennsylvania, Ohio, and West Virginia was built by low- 
cost transportation, combining to the best advantage both rail and water move- 
ments. Later, the same principles caused the developments in the steel 
industry at East Chicago, Indiana Harbor, and Gary, Ind. 

Prior to 1884, only the Michigan and Wisconsin ranges were worked, but 
in that year shipments began from the ranges in Northern Minnesota, which 
had been discovered about 1875. The Minnesota ores moved and continued 
to move to Two Harbors, Minn., Duluth, and Superior, for loading into vessels. 

With the settlement of the Upper Lake States and the development of 
industries therein, a demand for coal was created which could be met most 
economically by combining rail and water movements. Thus, at low costs 
for transportation, the bituminous coals of Western Pennsylvania, West 
Virginia, Kentucky, and Ohio have been marketed in ever-increasing quantities 
throughout the Upper Lake region, farther west in the United States and, toa 
considerable extent, in Canada. 

By 1914, all Europe was at war, and by 1917 the United States was also 
in the struggle. For two years, the demand of the Allied Powers for steel 
for arms and munitions was tremendous and then the immense requirements of 
the United States Government to construct ships and to arm and supply the 
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Army and Navy were added. The great system of Lake and rail Graneporede 
tion which had been developed in the century since Commodore Perry’s 
victory in 1813, met every requirement of the emergency and had an incal- 
culable weight in the favorable outcome of the war. As long as the iron mines 
on Lake Superior and the coal mines last, and as long as wars are still a possi- 
bility, the transportation system built around water carriage on the Great 
Lakes will continue to be one of the greatest elements of military and naval 
strength, better appreciated, perhaps, by the possible enemies of the United 
States. 


Tur TRANSPORTATION SYSTEM 


A water-transportation system, such as that of the Great Lakes, consists 
of many elements: The Lakes themselves, their connecting channels both 
natural and artificial, connecting canals, the harbors and harbor terminals, 
with their mechanical and other equipment, the railroad facilities serving the 
harbors and reaching inland, the maintenance of channels and harbors, the 
vessels in the carrying trade, harbor craft, shipyards, aids to navigation, light- 
houses, radio beacons, fog signals, ranges and buoyage, life-saving and distress 
service, navigation charts and the organizations and men who operate and 
maintain the vessels, and all the other elements of the system. 

It is impossible in a short paper to describe the development and present 
status of all these elements in detail. However, it may be stated that all 
of them are in existence and are operated with high efficiency. 


CHANNELS AND HARBORS 


In their original condition, each of the Great Lakes in itself afforded easy 
navigation, but connecting channels were either non-existent or inadequate. 
The first Welland Canal completed by the Canadians in 1829 opened naviga- 
tion between Lake Ontario and Lake Erie. It had a depth of 8 ft. The 
first canal around the Falls at the ‘‘Soo’”’ was opened in 1855, with a depth of 
11.5 ft, connecting Lake Huron and Lake Superior. 

There were almost no natural harbors so located along the American shores 
as to be of commercial value, so the Congress promptly began to authorize the 
improvement of channels and the construction of harbors by the War Depart- 
ment. For the small sailing vessels and steamers, the rivers and creeks on 
which the growing Lake communities were located were the only harbor 
possibilities within the financial abilities of the National Government. In 
general, the mouths of such waterways were obstructed by bars on which 
there was as little as 3 or 4 ft of water. Some examples of early harbor im- 
provements are as follows: 


(1) A survey of Erie Harbor, where a deep natural bay existed, was made 
by the Corps of Engineers in 1819 and showed only 6 ft on the bar. By Act 
of Congress in 1823, a board of officers developed a plan for the improvement 
of the entrance by dikes and jetties, and work was begun in 1824. By 1828 


a minimum depth of 7 ft at all times had been obtained, which was increased 
to 9 ft in 1830 and to 13 ft in 1868. 
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(2) Work was begun at the mouth of the Oswego River in 1827. 

(3) At Chicago, work at the mouth of the Chicago River was begun in 
1833 by the construction of jetties, and a depth of 9 ft was obtained before 
1840. 

(4) At Lorain, Ohio, parallel jetties were built at the mouth of Black River, 
work beginning in 1828, and a depth of 10 ft was secured, the original depth 
having been 3 ft. 

(5) Work to improve the entrance to the Cuyahoga River at Cleveland, 
Ohio, by parallel jetties was begun under the Act of 1825. The original depth 
of 3 to 4 ft was increased to 6 ft in 1828 and to 10 ft in 1831. , 

(6) In 1826, work was begun on piers at the mouth of Buffalo Creek, at 
Buffalo. In practically all these jetties or piers (Items (1) to (6)), timber work 
filled with stone was utilized for reasons of cost. The Federal Government 
limited its work to providing entrance channels. The municipalities and 
vessel operators took care of the channels inside the jetties. 

(7) A depth of 12 ft was obtained through the St. Clair Flats in Lake 
St. Clair in 1855, where the original depth had been from 2 to 6 ft, and St. 
Marys River was deepened. 

(8) By 1869, vessels had so increased in size and number that the need of 
outer breakwaters to afford anchorages and safety of entrance into the rivers 
was apparent. Work was begun on the Buffalo breakwaters in 1869, and on 
those at Chicago in 1871. Timber cribs filled with stone were the standard 
construction for the earlier breakwaters and most of them, later cut down to low 
water and capped with concrete, are still in service. 


From these modest beginnings, designed to meet the immediate needs 
of a rapidly growing commerce carried in small vessels, steady progress has 
been made in deepening and widening connecting channels, in deepening 
harbors and their entrances, and in giving them more extensive breakwater 
protection in order to keep pace with the increase in size and draft of the 
Lake carriers. This has been possible at reasonable costs through the use 
of the most modern dredging equipment and the substitution of rubble, con- 
crete caissons, and cellular steel shell-pile construction for timber cribs in 
_ breakwaters, as the price of timber became excessive. 

At the present time (1938), the Lake System consists, in addition to ade- 
quate harbors, of down-bound connecting channels 25 ft or more in depth 
from the head of the Lakes at Duluth-Superior and from Chicago, to Ogdens- 
burg on the St. Lawrence River, with 14-ft channels in the Canadian canals 
to Montreal, and up-bound channels 21 ft deep. The New York State Barge 
Canal 12 ft deep from Buffalo and Oswego to the Hudson, being deepened to 
14 ft between the Hudson and Oswego, and the Illinois Waterway with a 9-ft 
depth, are important connecting waterways to the east and south. 

Wherever possible, the up-bound and down-bound channels have been 
separated for safety to vessels. The existing project for the Upper St. Marys 
River provides for a two-way channel having a minimum width of 1 000 ft, 
with a depth at low-water datum of 27 ft through Round Island Shoals and 
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Middle Ground, and 26 ft through Vidal Shoals, widening to 1 200 ft at Brush 
Point Turn and thence, to Point Louise with a width of 1 000 ft. 

The American locks at the “Soo” have the characteristics shown in Table 1. 
The Canadian Canal at the “Soo” is 1} miles long, 150 ft wide at the top, 142 ft 
at the bottom, and has a lock 900 ft long and 60 ft wide. Navigation in the 
canal is limited by the depth over the miter-sills at the locks to boats with 
drafts of about 17 ft. It was opened to navigation in 1895. 

In the Lower St. Marys River, the project provides for a down-bound 
channel with a depth of 25 ft and a minimum width of 300 ft, and an up-bound 
channel with a depth of 21 ft and a minimum width of 500 ft. In St. Clair 
River, the minimum width of the two-way channel is 600 ft, and the depth is 


TABLE 1.—CHARACTERISTICS OF THE AMERICAN Locks aT Sautt Sts. Marie, 
MicuigaN (Dimensions ARE IN FEET) 


DprrH ON 


Length Breast-W ALL Type Year 

Locks oS between Lift of. com- 
widt miter sills construction pleted 

Upper Lower 
(1) (2) (3) (4) (5) (6) (7) (8) 

Weitzel. ...:.. 80* 515 21.7 15.8 11.2 Stone masonry 1881 
POG erie cig ais ore 100 800 21.7 21.8 16.6 Stone masonry 1896 
Davis. ... 80 1 350 pala g 24.3 23.1 Concrete 1914 
Bourth s. 2.63. 80 1350 PA lee 24.3 23.1 Concrete 1919 


* 60 ft at the gates. 


25 ft. In St. Clair Lake the two-way channel is 800 ft wide and 25 ft deep, 
narrowing to 700 ft at the mouth of the South Channel of St. Clair River. 
The two-way channel at the head of Detroit River is 800 ft wide and 25 
ft deep. Fighting Island Channel, below Detroit, is 26 ft deep and 800 ft wide; 
Ballards Reef Channel north of the junction with Livingston Channel is 26 ft 
deep and 600 ft wide. The Livingston Channel west of Bois Blanc Island for 
down-bound vessels, is 450 ft wide and 26 ft deep to opposite Bar Point, 
thence 26 ft deep and 800 ft wide to its junction with Amherstburg Channel, 
and thence 26 ft deep and 1 200 ft wide to the 26-ft depth contour in Lake 
Erie, the lower 1 200-ft section being used for both up-bound and down-bound 


traffic. Amherstburg Channel, east of Bois Blanc Island, for up-bound vessels, — 


is 21 ft deep with a minimum width of 600 ft. 
The new Welland Canal, opened in 1982, is 25 miles long, with a bottom 
width of 200 ft, 310 ft at the water line, and a depth of 25 ft. The canal has 


seven locks, each having a usable length of 820 ft, a width of 79 ft, and a depth 
of 30 ft over the sills. 


SHIPPING 
The great length of the connecting channels in which natural depths were 
small and the artificial character of the Lake harbors built in comparatively 
shallow water have made it impracticable to provide depths for Lake navigation 
equal to that at ocean ports. Storm waves on the Lakes probably never much 


exceed a height of 20 ft from trough to crest. Most of the freight is handled in — 


a 
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bulk. Docks and their unloading equipment, once installed, can be modified 
only at great expense. 

Channel and harbor depths have limited the draft of vessels, dock equip- 
ment has limited their beam, and safe handling in restricted waters has limited 
their length, although the moderate height of storm waves has permitted ratios 
of length to beam and to depth greater than ocean practice. As a result of all 
these factors a bulk freighter has been developed with large rudder power, which 
can carry about as much on 22-ft draft as large ocean vessels can carry on 30 ft, 
or more. This development, of course, has been gradual with improvements 
in ship construction and with the increase in depths of channels and harbors. 

The first vessels on the Lakes were sailing schooners and brigs; then came 
wooden-paddle wheel steamers. The Ontario, the first American steamer 
on the Lakes,? was built in 1816. It was 110 ft long, with 24 ft beam, 84 ft 
depth, a displacement of 237 tons, and was driven by one low-pressure cylinder 
with a bore of 34 in. and a stroke of 4ft. It is stated that it took her ten days 
to make the trip from Lewiston to Ogdensburg. The Vandalia, the first 
propeller boat in the United States, was built in Oswego in 1841. For years, 
commerce was carried in sailing vessels, towed through the rivers by tugs, in 
steamers, and in steamers with one or more bargesin tow. Hulls went through 
the evolution in design from wood, to composite wood and iron and steel, and 
then to steel. The steel whaleback freighter and whaleback barge had their 
day, but since about 1904 the type of bulk carrier has been well established, the 
changes being only in their size. 

The carrying capacity of Lake bulk freighters on a 19-ft draft ranges from 
3 000 to 12 000 short tons (see Items Nos. 1 to 3, Table 2). The extra load per 
foot of draft, up to 22-ft draft, varies from about 1 000 to 430 net tons. These 
vessels are usually constructed with the deck-house and high bridges forward, 

‘a cargo hold, without bulkheads, and a coal-burning power plant aft. The 
hatches over the cargo hold are spaced on about 12 ft centers. Trim of the 
vessels and safety are provided by inside tanks. 

Four bulk freighters built during 1937 and 1938 have a carrying capacity on 
22-ft draft of 15 440 short tons (Items Nos. 4 to 7, Table2). They are equipped 
with geared turbines of a capacity sufficient to obtain speeds of 12 miles per hr 
loaded and 13.5 miles per hr light. The Canadian steamer, Lemoyne (Item 
No. 8, Table 2), the largest of the Lake fleet, has carried record cargoes in net 
tons, as follows: Ore, 16 400; bituminous coal, 16 500; anthracite coal, 14 600; 
stone, 18 100; and, wheat, 17 100. 

Self-Unloaders—In 1928 there were 43 self-unloading vessels on the Great 
Lakes, with a gross tonnage of 144 730, which were increased to 65 vessels having 
a gross tonnage of 243 343 in 1937. Many of these vessels are of the usual ore 
and coal-handling types with cargo hoppers installed in their holds, discharging 
on to belt conveyors and through a bucket elevator on to a belt conveyor carried 
on a long boom, which is swung outboard when unloading cargo. Loads from 
the large vessels can be placed 115 ft from shipside at an elevation of 65 ft 
above deck level. 


2"'Freighters of Fortune,” Beasley, p. 50. 
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Motor Ships—There are 48 motor-operated vessels in bulk and package- 
freight services on the Lakes, with gross registered tonnages ranging from 1 000 
to 8877, of which 36 are of American registry and 12 Canadian. The two 
largest, the Henry Ford II and Benson Ford, are both bulk freighters, of the 


TABLE 2.—TypicaAL VESSELS IN THE GRuAT LAKES TRADE 


SS a — 


DIMENSIONS, IN FEET 


Gross 
Pr er ce aroiet Tp Ae Gl ert 
Item] Name of vessel | ~eAT h| tered Type 
obs ane hy dth | Draft eres tonnage 
Len, Breadt' fo) 
at loaded | 4, old 
(1) (2) | @) (4) (5) Cp ne (8) 
..| 1903] 380 50 21 23.6 | 4037 | Lake bulk freighter 
3 § oliet. Fi f e ene : ile 504 54 21.5 30.0 6 262 | Lake bulk freighter 
3 | Thomas W. Lamont | 1930} 588 60 22 27.9 7 964 Lake bulk freighter 
illiam A. Irvin...) 1937} 586 60 22 32.5 8 255 | New bulk freighter 
5 Rein. Watson, ..| 1937] 586 60 22 32.5 8 302 | New bulk freighter 
6 | Governor Miller... .|1937| 586 60 22 32.5 8255 | New bulk freighter 
7 | John Hulst........ 1938} 586 60 22 32.5 8302 | New bulk freighter 
8 | Lemoyne.......... 1926} 621 70 20 .... | 10480 | Largest bulk freighter 
H Ford II..... 1924| 597 62 17.5 27.8 8877 | Motor vessel 
10 Benson Kord s,s acne 1924] 596 62 17.5 27.7 8626 | Motor vessel 
11 | W. J. Conners..... 1901| 382 50 19.3 28.0 4625 | Passenger and package 
vessel 
12 | Crescent City....... 1897 | 406 48 20 24.0 4109 Automobile carrier 
13 | James Watt........| 1896] 405 48 obats 23.5 3807 | Automobile carrier 
14 | Edgewater......... 1931) 291 43 125 15.7 1819 Lake and canal freighter 
15) | Chester... 0s 0.. 1931 | 291 43 12.5 15.7 1819 | Lake and canal freighter 
16 | Badger State....... 1912] 250 43 10 16.7 1 539 Lake and canal freighter 
Ze | ERORGOST wifo) ote -s)<l.se7 ete ato 1920} 242 37 18 19.7 1370 | Typical Lakes tanker 


standard Lake type, propelled by Diesel engines (see Items Nos. 9 and 10, 
Table 2). 

Passenger and Package Vessels—On December 30, 1934, there were 119 
vessels of 1000 gross tons and upward, aggregating 357 231 tons, in the pas- 
senger and package freight trade on the Great Lakes. The W. J. Conners 
(Item No. 11, Table 2) is probably typical of this class of vessel. It is powered 
with an 1 800-hp, quadruple expansion, steam engine, giving it a speed of 13 
miles per hr. 

Automobile Carriers—This type of vessel was converted from the bulk 
freighter. They were converted by the addition of ‘‘’tween decks” and ele- 
vators for the lowering of cars to the lower decks. A representative vessel 
of this type is the Crescent City (Item No. 12, Table 2). In 1936, a similar 
conversion was made on the James Watt (Item No. 13). This vessel is a 
pioneer in a rather unique transportation plan—the carrying of loaded truck 
trailers between Detroit and Cleveland. 

Tankers.—Tanker tonnage on the Great Lakes now constitutes one of the 
important items of traffic. No individual type has been developed in this 
trade with the exception of the motor tanker that trades on the New York 
State Barge Canal and the Great Lakes. Several of the tankers in use on the 
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Great Lakes have seen prior service on the ocean. A typical tanker on the 
Great Lakes is the Panoil (Item No. 17, Table 2), with a speed of 10 miles per hr 
loaded and 12 miles light. 

A large group of Diesel-powered tankers are Ponta on the Great Lakes 
by one of the more important oil companies. All these boats are of the New 
York Barge Canal type, whose general characteristics are a rather excessive 
breadth, a length of 250 ft, a draft limited to approximately 12 ft, with a speed 
of approximately 9 miles per hr, and a carrying capacity of approximately 
11 000 bbl. 

New York State Barge Canal-Boats.—Because of the peculiar physical condi- 
tions to be met, a distinct type of boat has been developed for this traffic. All 
these self-propelled vessels are Diesel-powered with the exception of two boats, 
the Hdgewater and the Chester (Items Nos. 14 and 15, Table 2). A typical 
vessel of this type is the Badger State (Item No. 16), which draws 10 ft of water, 
loaded. The power is a Diesel engine of 930 ihp. The cabins are set through 
the deck with about one-half their height projecting above the main deck. The 
hold is divided into compartments and closed with the conventional type of 
hatches. 

Items Nos. 14 and 15, Table 2, are more elaborate in construction than other 
boats in this trade. Power is supplied with two oil-fired water-tube boilers to 
steam turbines, developing 1 600 shaft hp. The pilot-house is on an elevating 
mechanism that raises and lowers it. When operating in the canal, the pilot- 
house is lowered to pass under the bridges, and, in the Lakes, it is raised to give 
better visibility. 

The records show that in 1868, the total number of documented American 
vessels, exclusive of canal-boats, amounted to 2 543, with a gross tonnage of 
454 051, averaging 178 tons per vessel. In 1935, there were 550 American 
vessels of 1000 gross tons and more, with a total gross tonnage of 2 575 455, 
of which 441 were classed as bulk freight carriers, exclusive of tankers, having 
a gross tonnage of 2 231 883, or 87% of the total tonnage. Canadian vessels 
of 1000 gross tons and more numbered 285, having a total gross tonnage of 
733 971, of which 221 were classed as bulk freight carriers, aggregating 574 903 
gross tons, or 78% of the total gross.tonnage. 


Arps To NAVIGATION 


The United States Lake Survey (War Department?) publishes for sale and 
keeps up-to-date general navigation charts of each of the Great Lakes, of 
Rainy Lake, Lake of the Woods, the New York State Barge Canals, and Lake 
Champlain, and detailed charts of all harbors and connecting channels and of 
the St. Lawrence River from Lake Ontario to the International Boundary. It 
also publishes annually a Bulletin, supplementing information given on charts, 
containing detailed descriptions of shores, outlying shoals, harbors, storm 
warning, and Coast Guard stations, together with changes in channel conditions 
and buoyage. The Survey is constantly engaged in sweeping for shoals and 


3 See, Manual of Engineering Practice No. 7, Am. Soc. C. E., Fig. 1, p. 5. 


1742 GREAT LAKES TRANSPORTATION Papers 


wrecks, revising charts, and making observations of Lake levels and river 
discharges. 

The United States Bureau of Lighthouses (Department of Commerce) has 
installed and maintains a most modern system of lights, radio beacons, fog 
signals, ranges and channel buoyage throughout the American waters, harbors, 
and connecting channels of the Lakes and of the St. Lawrence River. Any 
changes in lights or buoyage or any other aids are immediately made known 
to navigators by that Bureau. The Canadian Government performs a similar 
service in Canadian waters. 

The Coast Guard maintains a system of life-saving stations at all important 
points throughout the Lakes and a fleet of two 165-ft cutters and seventeen 
patrol boats for the enforcement of Federal laws, for assisting vessels in distress, 
and for protecting life and property upon the navigable waters of the United 
States. It also operates, through arrangements with commercial telephone 
and radio companies and its own radio, a system of communication for vessels 
in distress. 

The United States Weather Bureau operates a system of storm warning 
stations and forecasts for the Lakes region especially applicable to navigation. 


MAINTENANCE OF CHANNELS, CANALS, AND HarBoR WORKS 


For the maintenance of channels, canals, and harbor works, and the con- 
struction of new works, the War Department maintains five Districts with 
District Offices in Duluth, Milwaukee, Chicago, Detroit, and Buffalo. The 
Lake Survey, operated as a District covering the entire Lake region, is also 
situated at Detroit. All District Engineers are supervised by a Division 
Engineer, with office in Cleveland, who reports to the Chief of Engineers, 
U.S. Army, in Washington, D.C. New work of constructing breakwaters or 
channel dredging is done by contract, and the marine contractors on the Lakes 
have the most modern equipment for such work. 

The War Department maintains four sea-going hopper dredges for the 
maintenance of harbors, and sufficient other plant to do repair work on break- 
waters. Each District Engineer is responsible for the maintenance of project 
depths in the Government channels in his District and for performing other 
duties relative to navigation charged by law to the War Department. 


Harpor TERMINALS 


There is nothing remarkable about the package freight terminals on the 
Lakes. The bulk freight terminals, however, are unusual in their excellence of 
mechanical equipment, capacity, and efficiency. The ore-loading docks are 
designed with their ore pockets spaced so as to cover the hatches of vessels. 
The unloading docks for ore are laid out and equipped so as to take ore from 
vessels and load it directly to railroad car, or into stock-piles. Car dumpers for 
coal from rail to vessel are of the best design. The bulk terminals in general 
have been installed by the railroad companies and are supported by adequate 
and well laid out storage and switching trackage. The efficiency of the Lake 
system of transportation is due to a combination of economical water haul 
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with highly efficient terminal and railroad operation, making possible the quick 
turn around of vessels during a seven-month navigation season. 

The combined efficiency of terminals and vessels is shown by the records 
in Table 3. The records of the Lake Carriers’ Association show that the aver- 


TABLE 3.—ComBINED HFFICIENCY OF TERMINALS AND VESSELS 


(a) LoapiIne VEssELs (6) UNLOADING VESSELS 
Commodity Unit 
Quantity Time, in hours Quantity Time, in hours 
(1) (2) (3) (4) (5) (6) 
MOG a tiths wiki ea Gross tons 12 508 0.28 12 009 2.42 
Saaltens oo hea: Net tons 11 293 3.5 9 366 6.08 
Wheat a unvcisrciste sta Bushels 157 565 1 451 382 15 


age stay of iron-ore carriers at Lower Lake ports has decreased from 36 hr in 
1906 to less than 11 hr in 1937. Corresponding figures for ore carriers at 
loading ports are 22.5 and 4.2 hr. 


VESSEL OPERATORS AND CREWS 


The Lake Carriers’ Association was organized at Buffalo in 1892 and was 
incorporated in 1903. The purpose of the Corporation as set forth in the 
Charter is: 


“To establish and maintain assembly rooms for the use and general welfare 
of seamen on the Great Lakes, their connecting and tributary waters; to es- 
tablish and maintain and procure the establishment and maintenance of aids 
to navigation; and improve and secure the improvement of channels, docks, 
wharves, loading and unloading and terminal facilities; to establish and main- 
tain by contract or otherwise such amicable relations between employers and 
employed as will avoid the public injury that would result from lockouts or 
strikes in the lake carrying service; to provide for the prompt and amicable 
adjustment of matters affecting shipping and the interests of vessel owners of 
the Great Lakes and their connecting and tributary waters, and to lease, 
rent, purchase or sell such real or personal property as may be necessary or 
convenient in carrying out the foregoing purposes.” 


The liberality of view in this statement of purpose and the success of the 
Association in accomplishing it are remarkable. It has demonstrated how such 
an Association can be of great service to an industry by studying its problems, 
improving the conditions of its employees, and presenting facts to the Govern- 
ment agencies with which it has to deal. 

The recommendations made by the Association for improvements for the 
benefit of shipping on the Lakes have consistently been constructive and con- 
servative. At the time of incorporation the membership included passenger 
vessels, tugs, and sailing ships. On December 31, 1937, the membership 
included mainly the bulk freight vessels of American registry in the iron ore, 
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coal, grain, and stone trades, as follows: 


Bulk freight steamers and motor ships.........-...--. 311 
Self-unloading bulk freighters..............4.-0+-65, 33 
Package freighters. 75° aariaich 2) ecvhaus a shpad pert ote aaa 2 
TANK OLS Sie on cie asl «Soh pis adieiok Oey erOre eee ed Santor sa eR ene 15 
55 fa OPA AA Rin ota re ok 13 
ROWING. CUP oso iah eas th ole tnlete tees ne ee een cUek 

Total 3s d2) cs ¥ tehks ud sole Cle hae eae eee ae 375 


The total gross registered tonnage of the vessels enrolled in the Association 
is 2080 850, or 81% of the total United States gross registry of commercial 
vessels on the Lakes. The carrying capacity for a single trip at prevailing 
drafts is approximately 3 000 000 gross tons. 


GrowTH IN TONNAGE OF LAKE VESSELS 
The number and gross tonnage of vessels enrolled in the Lake Carriers’ 
Association at 10-yr periods, with the change in average tonnage, are as shown 
in Table 4. In certain cases the Association has expended its own funds 
for dredging in channels, and the establishment and maintenance of lights, 
buoys, and lightships when the Government was not in a position to do so. 


TABLE 4.—VersseLs ENROLLED IN THE LAKE CARRIERS ASSOCIATION 


Number Gross registered Average 


Number | Gross registered | Average 
Year of ships tonnage per ship Year of ships tonnage per ship 
(1) (2) (3) (4) (1) (2) (3) (4) 
1893... 612 579 919 946 1925 423 2 223 143 5 255 
1905... 542 1 411 749 2 605 1935 397 2 185 822 5 500 
1915... 428 2 012 593 4700 pac es oie wipe éeane 


In 1908, it established a welfare plan for the benefit of sailors, providing for 
assembly rooms in the principal ports, equipped with current newspapers, 
magazines, writing materials, and other conveniences, and for the payment 
of death benefits from accidents incident to employment. The Association 
maintains an excellent library at the ‘‘Soo” and exchanges books with its vessels 
as they pass through the locks. Through its Committee of Shore Captains, 
composed of a group of masters with long experience in lake navigation now 
filling executive posts, its Committee on Aids to Navigation, composed of active 
masters, and its Fleet Engineers’ Committee, made up of former chief engineers 
now supervising the Engine Departments of the vessels in their respective 
fleets, the Association is constantly working for safer and better operation 
and better maintenance and construction. 

It has established for its member vessels up-bound and down-bound courses 
in Lakes Huron, Michigan, and Superior, which also are generally followed by 
non-Association vessels, thus reducing the hazards of collision in fog. 

For twenty years the Association has conducted schools, during the closed 
season, for the wheelsmen and oilers in its fleet desirous of advancement to 


officer rating, and for officers desirous of raise in grade. During that period - 


730 oilers and 544 wheelsmen obtained their original licenses, and more than 
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1800 Lake seamen who attended the schools obtained the license for which 
they were instructed. 
The scale of wages paid on Association vessels in 1937 was as follows: 


Per 30-day month Per 30-day month 
Wheelsman............$118.50 Chief cook (on vessels of 
PWV OCCMMAT ccs mee cess 115.50 more than 4 000 tons) . $183.00 
CCK WALCO. Ca/secic nah 102.00 Chief cook (on vessels of 
WeckWandten.sce ace 87.00 less than 4 000 tons).. 162.00 
Fireman and oiler...... 115.50 Second cook........... 105.00 
ORL PASSEP pues. or. 8 h.00 FOrteren Aiea aces Py eg OOO 


During the World War, under arrangements made with the U. 8. Navy 
Department, 3 503 men were trained aboard the Association’s vessels for posi- 
tions in the Navy and the Shipping Board. In addition, the Association 
responded to every call from the Emergency Fleet Corporation to provide ~ 
erews for the ships built or purchased on the Lakes by the Government for 
ocean service in the war. The offices of the Association furnished 1934 men 
for the 112 vessels. 


FREIGHT AND PASSENGER TRAFFIC 


Now, ‘‘the proof of the pudding is in the eating,’’ and the efficiency of any 
system must be judged by the results. In this sense, the record of the volume 
of commerce on the Great Lakes and the cost of water transportation speak 
for themselves. 

The freight passing through the canals at the ‘“‘Soo” (which is the best index 
of Lake transportation) was only 14 500 tons in 1855; the 500 000-ton mark was 
passed in 1870; in 1876 more than 1 000 000 tons of traffic utilized this route; 
and the peak was reached in 1929, when more than 92 000 000 tons of freight 
passed through the locks. 

During the decade, 1926-1935, the average annual commerce of the United 
States Great Lakes ports was 114 837 300 short tons, which included the 
highest as well as the lowest tonnages in recent years, with 161 344 361 tons in 
1929 and 54 913 140 tons in 1932. After eliminating all known duplications, 
the net traffic on the Great Lakes in 1936 amounted to 138 373 898 short tons, 
valued at $1 907 952 846. 

Passenger traffic at the United States ports on the Great Lakes consisted 
largely of ferry passengers during the decade, 1926-1935, and averaged more 
than 19 000 000 persons, of which 58.5% arrived at, or departed from, Detroit; 
20.2% were handled at Lake Erie ports; 6.6%, at Lake Michigan ports; 5.1%, 
at Port Huron; 5%, at localities on the St. Lawrence River; and the remainder 
at other Lake ports. 

Some idea of the traffic on the connecting waterways of the Lakes can be 
had from the following data: During the 81 yr from 1855 to 1935, the St. 
Marys Falls Canal has transited a total of 2 394 472 474 tons of freight, or an 
average of 29 561 389 tons per year during its existence; the St. Clair Plats 
Canal, in Michigan, in 1891, transited 22 160 000 tons, which increased to a 
peak of 99 677 966 tons, in 1929, and, in 1935, amounted to 59 287 907 tons; 
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the Detroit River with 23 209619 tons in 1891, reached its high level of 
110 719 845 tons in 1929 and, in 1935, shows a total of 75 779 280 tons; the 
Welland Ship Canal showed a movement of 719 360 tons in 1900, and a peak 
of 9 280 452 tons in 1929, whereas the 1935 traffic amounted to 8 537 460 tons; 
the New York State Barge Canal traffic since 1837 (or during 99 yr) amounted 
to 363 641 280 tons, or an average of 3673144 tons per yr. The largest 
recorded traffic was moved in 1871, when 6 467 888 tons were handled, and the 
smallest, or 1 159 270 tons, in 1918. Since 1918 the movement has increased 
to its 1936 volume of 5 014 206 tons; traffic on the St. Lawrence River Canals 
saw its peak in 1928, when 8 411 538 tons were handled, whereas the traffic 
since that time has ranged from 5 718 651 to 6 951 064 tons, with a recorded 
total of 6 873 655 tons handled in 1933, of which 4 879 714 tons originated in 
Canada and 1 993 941 in the United States. 

The Grain Movement.—The territory tributary to the Great Lakes is the 
most important grain-producing district in the world. It includes most of 
the surplus grain-producing States of the United States and nearly all the 
grain territory of Canada. This territory in 1928 produced 35.1% of the 
world’s grain, excluding that of Russia and China, but, in 1935, production 
had dropped to 28.7 per cent. The sixteen States included within this territory 
have produced 71% of the wheat grown in the United States since 1919. 
The enormous quantity of grain flowing eastward is practically all shipped 
through the four ports of Fort William-Port Arthur, Duluth-Superior, Mil- 
waukee, and Chicago. Shipments from the United States ports are of record 
from 1868, when a. total of 48 585 bushels were shipped, and shipments from 
Fort William-Port Arthur began in 1884 with 951 bushels. The peak year in 
grain shipments from Upper Lake ports was in 1928 when more than 572 000 000 
bushels were shipped. However, in 1935, shipments from these ports had 
dropped to 235 000 000 bushels. During the 16-yr period from 1920 to 1935 
Fort William-Port Arthur shipped 49.6% of the grain from the four Upper Lake 
ports; Chicago, 25.1%; Duluth-Superior, 19.4%; and Milwaukee, 5.9 per cent. 
Wheat constituted 58.3% of the total grain shipments from the four ports; 
oats, 15.4%; corn, 12.8%; barley, 7.0%; rye, 4.8%; and flaxseed, 1.7 per cent. 

Buffalo is the principal receiving port for grain at the Lower Lake ports. 
It received 200 000 000 bushels in 1928, and more than 104 000 000 bushels in 
1935, 

Port Colborne, Ont., Canada, is an important transfer point on the Lower 
Lakes for Canadian grain and received 20 600 000 bushels during 1935. How- 
ever, since the construction of the new Welland Ship Canal and the construction 
of transfer elevators at Kingston and Prescott, Ont., Canada, grain en route to 
Montreal now goes directly to these points for transfer. Kingston received 
12 000 000 bushels in 1935 direct from Upper Lake ports in deep-draft vessels, 
Prescott received 8 000 000 bushels, and Montreal received 51 000 000 bushels 
in vessels drawing not more than 14 ft of water. 

a en Ghmee the Great Lakes has changed considerably since 
. grain has been from west to east, but reduced grain 
crops during the droughts of 1934, 1935, and 1936 resulted in shipments of 
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grain from the seaboard to the grain-growing sections of the West. During 
1928 there were shipments from the seaboard to the Great Lakes via the New 
York State Barge Canal of 230 688 bushels. In 1934, 1935, and 1936, the ship- 
ments by this route were 7 452 622, 9 620 572, and 3 671 361 bushels, respec- 
tively. In the same years the westbound shipments through the Welland 
Canal amounted to 11 662 490, 9 214 453, and 9 268 284 bushels, respectively. 

In 1937, the westbound movement through the New York State Barge 
Canal amounted to 3 220 192 bushels and through the Welland Ship Canal to 
32 101 679 bushels, a total of 35 321 871 bushels. The receipts at the Upper 
Lake ports totaled about 30 000 000 bushels and included 21 500 000 bushels 
of corn from Argentine Republic delivered at Chicago and Duluth-Superior 
and 1 239 477 bushels of flaxseed from Argentine Republic delivered at Duluth- 
Superior. 

Iron Ore—More than 1 600 000000 tons of iron ore have passed down 
through the St. Marys Falls Canals since 1855. The peak year in the ore trade 
was 1929 when more than 72 000 000 short tons were handled. In 1936, the ore 
movement by Lakes was 50 176 000 short tons, of which 47 000 000 short tons 
passed through the United States locks at the ‘‘Soo” from the Superior ranges. 
The receipts of ore at Lower Lake ports in 1936 were as follows: 


Port Short tons Port Short tons 
Detroit. yas fe 1 720 000 Ashtabula ae. 5 017 000 
NOOSE en eee os 1 693 000 Conneaut cee 7 586 000 
TS MUIR OTT, oe ona eee ae 789 000 L Diets abd cate selene 1 721 000 
eOrainm see 3 078 000 BintalOereeee toe 4 170 000 
@levelandaee. tae: 10 149 000 Port Colborne....... 77 000 
ESI OM artes tO 1 006 000 islewnanlltdeias 5 ove ooo bc 521 000 


and at Lake Michigan ports there was received: 


Port Short tons 
UngiaMmarelanb Once rm sea oe ocr cckeetOne AG eo ten. 2 527 000 
GAN VMI Meee s FL Nachet In Soden clalsineie d Mads 3 630 000 
NOTICING OR ON i oe. 5 adn head out she os aoTands Te een 6» 6 016 000 


The movement of ore from Erie ports to interior consuming furnaces is an 
all-rail movement. The greater bulk of the ore is loaded direct from ship to 
ear. Cleveland; Conneaut, and Ashtabula, Ohio, are the leading Lake ports 
for shipment to the interior. 

Coal.—In 1936, 44 000 000 net tons of bituminous cargo coal were carried, 
which was 6 000 000 tons more than had ever before been moved on the Lakes in 
a single season. In addition, the car dumpers put 1 430 000 tons of fuel into 
the bunkers of vessels which were loading coal. For the first time a single port 
—Toledo, Ohio—has loaded more than 20000 000 tons of cargo coal. San- 
dusky, Ohio, loaded 9 355 000 tons. Shipments from these two ports were 
almost entirely coal from Southern mines. Shipments of bituminous coal from 
Lake Erie ports to, or through, the Welland Ship Canal, to a great extent to 
Hamilton and Toronto, Ont., Canada, reached 3 000 000 tons for the first time. 
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Distribution of Lake soft coal by districts was as follows: 


District Tons 
Lake Superions.. 2s: 55 Shae trr iste ap ae are 11 331 000 
Make WUD Ss oc. 5k pe in ets ees are oe gs eae as 14 738 000 
Lake Huron and Georgian Bay..............- 1 918 000 
TOWEL TIVELS 7 cu dechoke ete Ceres on See ee ee viens 6 730 000 
Tin kee: Hil feb ies he etree On SB Oe cae ee ieee 5 057 000 
Welland :Cangle.. sictosetue ct sane hac sears nepal 3 035 000 


During 1937, 674 000 tons of anthracite were handled on the Lakes. The 
value for 1917 was 4 689 000 tons. 

Limestone—In 1936 the Lake movement of limestone amounted to 
12 080 000 net tons. 

Car-Ferry Traffic—The first cross-lake service was inaugurated in 1892 
between Frankfort, Mich., and Kewaunee, Wis. Since that time this method of 
transportation has increased until there are three lines operating on Lake 
Michigan, one on the Straits of Mackinac, three across Detroit River, between 
Detroit and Windsor, Ont., Canada, one each on Lakes Erie and Ontario, 
and one across the St. Lawrence River at Ogdensburg. These ten lines operate 
a total of thirty-five car-ferries, thirty-one of which are in active service. All 
the car-ferries, except those on Lake Erie, operate during the entire year, trips 
on Lake Erie being made as traffic demands. During the calendar year 1935, 
car-ferry traffic on Lake Michigan amounted to more than 3 000 000 tons. 

A comparison of the traffic through the Suez, Panama, and St. Marys Falls 
Canals and of the commerce of three Lake ports is given in Table 5. 


TABLE 5.—Trarric or Mason CAaNALs AND Lake Ports 


1928 1929 1932 1935 
Canal or port Rank Rank Rank Rank 
among among among among 
Short tons*) United | Short tons*| United | Short tons*] United | Short tons*| United 
States States States States 
ports ports ports ports 


(2) ToNNAGE THROUGH THE SuBz, PANAMA, AND St. Marys (‘‘Soo”), Canats 


Fe St ea 
UGE stata iasiatoisid oleic.’ 31 905 902 33 466 014 26 049 554 -- ‘| 29021 354 c 
RADAING 6 pels S100) «6 33 022 935 35 320 308 20 334 758 27 746 588 
SESVTATYVE fei. daisies ais 86 992 997 92 622 017 20 480 873 48 293 308 


a A 
(b) Commerce or Laxn Ports 
a ee ee ee ee ee 


Duluth-Superior. .... 53 204 000 2 60 385 000 2 10 520 000 , 
Buflalosmenine «<a 0. 21 006 000 5 19 110 000 7 11 146 000 4 i3 306 000 10 
BE CLEA O ser tunata sic oie /ae 18 539 000 6 19 717 000 6 10 790 000 10 19 631 000 5 


e005 
* 2.000 lb 


Ore-—During 1937 rates on iron ore from the mines at the head of Lake | 


Superior to Lake Erie ports were as follows per gross ton: 


as —_—. Eo 
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Rail to Duluth-Superior and Two Harbors.......... $0.81 
Om IN eha OC emir otra lla oe le ee eke lw: 0.10 
Carriage by vessel to Lake Erie ports and unloading 
eat vera Vessen Tall cote coc. ee... yas 0.80 
ECCLES Co ee er 0.08 
Pe AUtO) SUS ee W ea nc, Sotrtsche lucie t sake... 1.15 
MaieLOny OUNESEO WR OLIGO sie. ic ie. 'e oe bed Gable: 0.82 


Adding the terminal charges to the water haul gives $0.98 from port to port 
as against $1.96 for the two rail hauls for ore delivered at Pittsburgh, and $1.63 
for ore delivered at Youngstown. 

The 1936 vessel rates on coal from Lake Erie ports were as follows: 


Per net ton 


To principal ports on Lake Superior. ..cv.......... $0.40 
Lo principal docks-at Milwaukee.:.........i03 6.0. «2.0 0.50 
To principal docks at South Chicago and Indiana 

eat NOL Weer Ria ery. te ems SR Ke ees. 2 eh yore» 0.50 
MO Oris Ol GreOTSIAM AVE shits cbc) sek c nes ees 0.35 


Grain rates vary throughout the season, depending upon the volume of 
movement and competition for cargoes. The 1936 rates from Duluth-Superior 
to Buffalo fluctuated between 1.75 cents and 8 cents per bushel. Canadian 
grain rates from Fort William fluctuated between 3.5 cents and 5 cents to 
Montreal and between 1.5 cents and 1.75 cents to Buffalo, except for lake 
loadings when the rate jumped as high as 5 cents. 


Cost AND SAVINGS 


The total expenditures for new work by the War Department on the chan- 
nels, canals, and harbors of the Great Lakes to June 30, 1937, is $193 573 686.83. 
It has been estimated by engineers outside the Government service that the 
savings in freight charges due to water transportation on the Great Lakes are 
considerably in excess of $200 000 000 per yr. 


CONCLUSION 


The existing system of industry and transportation which has been built up 
around water carriage on the Great Lakes in the last century is the result of the 
co-operative efforts of the Federal Government, the railroad companies, indus- 
tries, municipalities, and vessel owners and operators during that entire period. 
In each decade the facilities provided for navigation and at the terminals 
have been reasonably adequate for the number and class of vessels in the Lake 
trade and for the tonnage moved. They have never been overbuilt; nor has 
money been spent extravagantly far ahead of requirements. As one examines 
the record, one must be impressed with the fact that the present results have 
been obtained by the application of good engineering practice and sound busi- 
ness judgment, and by planning for the future only as far as definite benefits 
could be foreseen. 
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TRANSPORTATION DEVELOPMENTS 
Neo eo NEED SLATES 


By FRED LAvis,: M. AM. Soc. C. E. 


SYNOPSIS 


A broad review of the problems facing transportation in the United States 
is offered in this paper, with sharpest emphasis placed upon the problems facing 
the railroads. Of the five important transportation agencies—railways, high- 
ways, waterways, pipe lines, and airways—railways are shown to be the most 
important. 

Special stress is laid on the need for adequate research on a large scale and 
broad basis into the problems confronting the railroads, both for their proper 
rehabilitation and necessary progress. The writer considers that the prosperity 
of the railroads is essential to the prosperity of the country as a whole. The 
railways are in grave financial difficulties, maintenance is greatly deferred, and 
progress is not being made. This is due to fundamental defects in govern- 
mental regulation rather than loss of traffic due to the general depression. It is 
believed that there should be better co-ordination of all transport facilities and 
direct governmental aid or extension of credit should be provided for the rail- 
ways as it is now being extended to all other forms of transportation. 


IMPORTANCE OF THE RAILWAYS 


Twenty-five years ago, when people spoke of transportation in the United 
States they thought only of railways. At the present time, the railways com- 
prise, as a group, only one of five important transportation agencies—railways, 
highways, waterways, pipe lines, and airways—all important factors in trans- 
portation. Twenty-five years ago the automobile was scarcely out of the 
crawling stage; the truck, the tractor, and the motor bus were unknown. 
Aviation was an experiment, pipe lines were not a factor to be reckoned with, 
and the waterways were little used. Inland waterways had declined as a factor 
in transportation as the railways advanced, and they had not yet come to the 


Norr.—This paper was presented at the Annual Convention, Salt Lake City, Utah, on July 20 
1938, as part of the Symposium on Transportation. Written comments are invited for immediate publica- 
tion; to ensure publication, the last discussion should be submitted by January 15, 1939. 


i Cons. Engr., New York, N. Y. 
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stage of heavy development in physical structure through the use of Govern- 
ment funds and Federal capital invested in operation. 

In spite of the development of these competing forms, however, the railways 
are still the dominating factor in the field of transportation in the United States; 
that is, they are dominating in the-sense that they move by far the largest 
volume of freight over the longest distances and, consequently, they are 
dominating in their relation to general business and industry. With highways 
so easily visible, and with the dramatization of air travel, the public tends to 
forget this position of the railways and the fact that they move considerably 
more than twice as much freight as all the other agencies combined. Exact 
data as to this distribution are not available, but the following is a reasonably 
correct estimate of the distribution, between the different kinds of carriers, of the 
ton-miles of freight handled in 1936: 


Ton-miles, Percentage 

Description in millions of total 
SteamirailwaysAncneelalneecaet tise. S411 Sli 5: eee 67.5 
WiAterwayscnet tan dene ears: PAM ays Ae ae eos i 18.3 
Motor carriers (highways)...... 40227 cca oe eee 8.0 
Pipe lines (petroleum).......... 30 CLOW eee ace 6.1 
Electric railways.............. TOAST ARE RY 0.1 
ANGE ere tai Su, ae AIR 505 A7Bth rama 100.0 


This list does not include intra-urban transportation. In referring to this 
classification Mr. Joseph B. Eastman, Member of the Interstate Commerce 
Commission and formerly Federal Co-Ordinator of Transport, has demon- 
strated ? that the ton-mile data do not show the relative effect of highway 
competition inasmuch as truckage hauls, on the average, are comparatively 
short. Comparison on a tonnage basis shows a higher percentage of actual 
tons hauled by trucks, at considerably higher and more profitable rates. 

In general, the average cost (to the shipper) of freight hauled on the rail- 
roads is slightly less than 1 cent per ton-mile whereas the cost of haulage by 
truck *is from 5 to 7 cents per ton-mile. It is to be realized, of course, that the 
truck haul is from door to door, whereas the railway haul is the cost of move- 
ment on the rails alone. 

Another estimate of the relative importance of the various carrier agencies 
is given by John §. Worley, M. Am. Soe. C. E., as follows: 


te Gross revenues Percentage 

Description for 1932 of total 

Steam railways............. $3 168 587000........ 83.03 
Great, Lakes'n sien tien oA lees 11,733 099%: eens 0.31 
Pipe dines (oil)Z:< ata adevas 5 211,788 647 sssiooie 5.55 
Inter-city trucks for hire..... 164728000........ 4.32 
Inland waterways.......... 8572 O65 ese 0.22 
Electric railways........... 10.865 505... x2 a0. 1.86 
Inter-city DUSOR scrape era 17200 000, eee 4.49 
IT WAVE 2. Se a OL ee eae 5.000 DUGe 2. ae 0.22 
OCH Lic e o c art ee $3 816 025 216... 2... 100.00 


2 Second Rept. of Co-Ordinator, March, 1934. 
3**Motor Truck Freight Transportation,” U. 8. Dept. of Commerce, 1932. 
‘ Engineering News-Record, June 11, 1936. 


”? 
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These values afford some interesting comparisons although they are for 
1982 and the prior list is for 1936. Comparison of the two tabulations serves at 
least to indicate the very low ton-mile costs to shippers on the waterways as 
compared to those on either railways or highways. In making these com- 
parisons, however, it must be borne in mind that total costs of transportation 
are from door-to-door and although, undoubtedly, costs of movement in barges 
or vessels on waterways are low, they do not necessarily show total costs from 
origin to destination; neither do they include costs of building and maintaining 


- the waterway itself. 


HigHway Capacity 


It is not possible in the United States, on the basis of present knowledge or 
expectations, to substitute highway transport for railways for the movement of 
freight on a large scale. For example, consider the freight movement on the 
Pittsburgh Division of the Pennsylvania Railroad, which extends between 
Pittsburgh and Altoona, Pa., a distance of 113.9 miles. On a representative 
day in 1938, a total of 162 756 net tons of freight was moved in 108 freight 
trains, containing 4 089 loaded cars, and manned by approximately 575 em- 
ployees. To move a similar volume of freight by highway, in 5-ton trucks, 
would require 32 551 vehicles, each manned by at least one employee. If these 
vehicles were spaced the legal distance of 500 ft apart required by the Pennsyl- 
vania State law, they would cover a total of 3 084 miles of highway, or about 
the distance from Los Angeles, Calif., to Philadelphia, Pa.; and, moving at the 
rate of 25 miles per hr, would require 123 hr, or more than 5 days, to pass a 
given point. 

Assuming 6 000 motor vehicles per day (that is, vehicles moving in both 
directions which is a reasonably dense traffic as the normal capacity of a first- 
class, two-lane highway), it is evident that this freight alone would require about 
five or six of such highways to handle it. If only half the total traffic were 
trucks—the remainder being buses, private automobiles, and other vehicles— 
it would require ten or twelve such highways through this one section of the 
country to equal the capacity of the one railroad. 

Of course, there are several ways of estimating this highway capacity as, for 
instance, assuming 10-ton, instead of 5-ton, trucks; the fact, however, that the 
rail traffic cited is fairly representative of an ordinary day must also be con- 
sidered, but in both cases provision must be made for peak loads. The railroad, 
could handle twice as much traffic on the same trackage; but to handle twice as 
much in the same period of 24 hr on the highways would require twice as 
many highways. 

The railways are not only important because they now handle by far the 
largest proportion of the freight but because there now seems no other way in 
which this traffic can be handled. Furthermore, the World War demonstrated 
the absolute necessity of railways in time of war. 


PRESENT STATUS OF THE ART OF TRANSPORTATION 


Highway Developments—The very important subject of highways and 


_ motor-vehicle development has been ably treated by Charles F. Kettering ° 
(PSTD | SAG ak A a a a tl AOS A 


5 ‘Proceedings, Am. Soc. C. E., June, 1938, p. 1116. 
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and L. I. Hewes,® Members, Am. Soc. C. E.; but attention may be called to one 
phase of the subject, namely, the effect of the speed of motor vehicles on highway 
design. There are those who claim that all present-day highways are obsolete; 
that they are out of date as soon as they are built because they are not designed 
for speeds of 100 miles per hr. They claim that the modern automobile (and 
possibly, the modern truck) can be, or soon will be, driven safely at this speed; 
that engineers are lacking in foresight and are hopelessly conservative and 
behind the times if they do not recognize this need in the design of highways. 
These writers ignore the fact that only a small proportion of drivers of motor 
vehicles are capable of driving at speeds in excess of 50 or 60 miles per hr under 
ordinary every-day conditions.’ Engineers must take the human element into 
consideration and not be carried away by too much enthusiasm for modern 
scientific and mechanical triumphs which, in some cases, may be beyond the 
ability of the public to use. - 

Aviation.—It has been predicted 8 by J. Monroe Johnson, M. Am. Soc. C. E., 
Assistant Secretary of Commerce, that within a short time 10-hr transconti- 
nental schedules will be established, with great air liners flying in the sub- 
stratosphere, as well as non-stop sea schedules between New York, London,.and 
Paris; and 40 000 000 persons instead of 400 000 will be using the air regularly 
for travel. Spencer R. Newman, District Traffic Manager of the United Air 
Lines, has described ® the status of aviation in considerable detail. 

Realizing that great strides have been made in aviation in recent years, and 
quite believing that the prediction of Colonel Johnson is not altogether an 
iridescent dream, the writer doubts that aviation will, for a long time to come, 
take care of much more than the “‘cream”’ of normal increase and the increase 
in travel which aviation itself creates. 

Aviation, highways, and waterways, are handicapped by bad weather condi- 


_ 


tions to a much greater extent than the railways, and all-year-round, daily, and | 


hourly reliability is still an important factor in the business of transportation. 
Waterways.—The subject of navigable inland waterways has been discussed 


quite fully by R. W. Putnam and 8. L. Wonson,!° Members, Am. Soc. C. E., and — 


C. L. Hale," M. Am. Soc. C. E., who present, quite fully, the arguments for and 
against these Government subsidized lines of transportation. 

The investments of Government capital and the use of Government subsi- 
dies under whatever guise they may appear (and in the case of the waterways it 
is not difficult to recognize them) is a very important consideration in dealing 
with the transportation problem, but the writer doubts very much if the general 
public has any idea of the extent of this phase of Government activity, the facts 
in regard to it, and its effect. 

6 Civil Engineering, September, 1938, p. 585. - 

BR oar, and Speeds as Affecting Highway Design,” by F. Lavis, Proceedings, Highway Research 


8 New York Times, June 23, 1938. 
® Civil Engineering, October, 1938, p. 679. 
mats : 5 ae é 4 
oe aks te Ne oe Versus Rail Transportation”: A Symposium, Transactions, Am. Soc. C. E., 


: eo oe of the Ohio River Improvement,” Transactions, Am. Soc. C. E., Vol. 103 (1938), 
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Pipe Lines.—Pipe-line operation is a purely commercial development, and 
is really an extension of the oil-refining and distributing plants of the oil com- 
panies. It is part of the system of production, refining, and distribution of 
their products. The business—the freight—is supplied by the owners of the 
transportation agency and is part of their business. 

Railways.—The development of light-weight Diesel engine trains has been 
traced by Ralph Budd,” M. Am. Soe. C. E., and C. P. Kahler, Assoc. M. Am. 
Soc. C. E., has described turbo-electric-driven trains. 

In the railroad field, at the present time, there are potentialities for improved 
service, and for the reduction of operating costs, which would almost revolu- 
tionize the railway industry and with it create improved business conditions in 
allindustry. Under the conditions obtaining on the railroads to-day, however, 
these potentialities can bear full fruit only if the human element, financial 
considerations, and political thought keep step with them. Prosperity and 
sound business conditions are indispensable for such advances. 


PROSPECT OF IMPROVEMENT 


Need of Research.—Not long ago advances and developments in engineering 
and mechanics were products of the thought and research or genius of indi- 
viduals. Such progress to-day, however, is mostly the result of intensive study 
by large groups and combinations in laboratories. No longer is this progress 
the result of the work of the lone man in a garret; it is the co-ordinated effort of 
large groups of well-paid scientists. They work on definite plans, toward 
definite objectives, in well-equipped laboratories with, on the one hand, huge 
testing machines and, on the other, the most delicately made and finely adjusted 
scientific instruments. Such progress means the expenditure of money. It is 
supported by groups of large businesses that are prosperous and by this means 
help maintain their prosperity. 

Although a certain amount of research is being conducted by the railways, 
it is scattered, not well co-ordinated, and is not on a scale that the industry 
warrants. Some of it is scattered among the colleges and thus is useful, but 
there is need of a large centrally located and well-equipped laboratory where 
all these efforts can be supervised. 

Advances Depend on Human Element as Well as Science.—Steps are being 
taken and methods are being put into practice to try to solve at least one of the 
very difficult problems which the railways have had to face, namely, the loss 
of passenger business. Attempts to encourage passengers to return to the 
railways do not begin, however, to touch the fundamental difficulties in which 
the railways of the United States now find themselves involved. Meritorious 
though these improvements in passenger service may be, and valuable though 
they may be in indicating what may be accomplished in the entire field of 
railway transportation, they should not be allowed to obscure the effects of the 
much more important factors in advances—the human element, the political 
element, and the underlying financial difficulties of the railroads to-day. 


12 Civil Engineering, September, 1938, p. 592. 
13 Loc. cit., August, 1938, p. 509. 
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Recently, the writer experienced the entire gamut of transportation develop- 
ment in one short period of less than two months. He traveled by primitively 
equipped train, by automobile, and by truck over badly worn dirt roads and 
no roads, by ox-cart, by mule wagon, motor-boat, horse-back, mule-back, and 
on foot, over an area about 300 miles in length which required actually five weeks — 
of strenuous endeavor. Then he returned, in the air, over or above the same 
route, by a regularly scheduled airplane, in 14 hr. In studying the ways and 
means of improving the land transport over this route the writer was impressed 
by the part that had to be played by Man, the human being, by politics, by 
finance, by commerce, and by economic considerations. All these factors came 
into play in finding a solution for the problem. The engineering aspects were 
simple compared to the human, political, and financial aspects. 

Advances in transportation, or advances in other fields, mean more than 
the improvement of existing machines, or the substitution of a new machine for 
an old one, a Diesel engine or a turbo-generator for the steam locomotive, or 
the improvement of the steam locomotive itself. 

In evaluating the worth of such improvements as increase in speed, stream- 
lined trains, Diesel engines, electrification, light-weight cars, modernistic design 
of passenger coaches, and improved freight services, one must have some picture 
of the railroad situation as a whole and its relation to other transportation de- 
velopments. If the railroads are “‘sick,’”’ as they are if they are all going into 
bankruptcy, and they seem to be tending that way, it is of little moment whether 
or not trains are stream-lined, or whether the decorations in the lounge cars are 
modernistic, futuristic, or sur-realistic. 

Surplus of Facilities —The outstanding feature of the transportation situa- 
tion in the United States is the surplus capacity of the combined transportation 
facilities in relation to the business there is to be done. During the World War, 
the railways, then virtually the only transportation agency in the country, 
broke down under the volume of business offered. In the years immediately — 
following, large investments of earnings and capital were made to improve and ~ 
increase their facilities so that, with the boom period of 1927-1929, they 
handled the very large volume of business then offered without difficulty. 


GOVERNMENT CapiTaL IN Highways, WATERWAYS, AND AIRWAYS 


In the meantime, highways were being extended, rebuilt, and repaved, 
waterways were being improved for navigation, and air lines were beginning 
to beafactor. The first two were built entirely with Government capital, and 
the airways were developed under substantial Government subsidies. (Gov- 
ernment will be understood to mean not only the Federal Government, but 
also that of the States, counties, and municipalities.) It is fair to state that, 
although the highways were, and are being, built with capital furnished by the 
Government, a considerable part of it came from direct taxes on the vehicles and 
their operators, and that the subsidies to aviation have been warranted both 
for mail service and on the score of developing the national defense. It has 
been announced, however, that the State of Pennsylvania is to provide the sum ~ 
of $58 000 000 to build a new highway from Pittsburgh to Harrisburg, Pasa 


f 


} 
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this, $32 000 000 is to be a public loan and $26 000 000 a grant. The loan is 
expected to be repaid from tolls. 

The subsidies to the waterways—that is, the Government investments in 
waterway improvements—have been justified or excused, in part, on the plea of 
flood control, or power development, but in the Mississippi Valley they have 
been made frankly and almost wholly for the improvement of navigation. 

The point to be made, is, that the capital for this expansion of highways, 
waterways, and part of that for airways, was furnished by the Government. 


INCREASES OF TRANSPORTATION FACILITIES 


In his report of March, 1934,? as Federal Co-Ordinator of Transport, Mr. 
Joseph B. Hastman called attention to the fact that in 1920, when the railways 
had a virtual monopoly of transport, their total investment was approximately 
19 billion dollars. Between 1920 and 1932 investments in additional transpor- 
tation facilities amounted to an additional 20 billion dollars, divided as follows: 


Transportation agency ee my 
Railways, additional............. 6 300 
EPEC tM oma: 200 Sie a nae hyd Be hss 424 
Streets and highways............ 12 500 
Waterways (U.S. Government)... 604 

ML OLe Leta tanis Fe sien, ale oe 19 828 


There were some decreases due to abandonment of electric railways, but the 
investment in transportation facilities was doubled in that 12-yr period, 1920 
to 1932. One-third of it was private capital invested in the railways, and 
almost two-thirds was Government capital invested in highways. 

One of the fundamental aspects of the present-day transportation problem, 
therefore, is a very greatly increased capacity, a surplus capacity over and 

above the needs of the country, and the continued and continuing investment of 
Government capital in additional transportation facilities. It is probable that 
this surplus capacity would not be so evident or nearly as large if the country 
had gone ahead at a normal rate of growth during the ten years, 1928-1938, but 
with depression succeeding depression this increase in capacity becomes one of 
the major factors in the present situation. 

With the almost inevitable further continuance of growth of highways on a 
large scale, this surplus capacity is not likely to be reduced by population in- 
crease or growth of business. This problem, there ore, is likely to continue for 
some time, aggravated by certain factors that reduce reight traffic permanently. 

Passenger Traffic—Whether or not the passenger traffic can be restored to 
railroads, or further loss prevented, is difficult to judge. Speaking before the 
Western Railway Club, at Chicago, Ill., on January 20, 1936, W. W. Colpitts, 
M. Am. Soc. C. E., expressed great hopes that it might be, by reason of better 
and faster service. The writer believes that much of the passenger business is 
lost permanently to the private automobile; but there is a substantial volume 
that can probably be retained and possibly increased by improvements in 
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service. It is a question, however, if some of this business is not being carried 
at a loss. : 

Among some of the adjustments that will be brought about by re-organiza- 
tion and also by voluntary action on the part of the railroads (with the permis- 
sion of the Government) will be the abandonment of services that do not pay. 
On July 9, 1938, Federal Judge Carroll C. Hincks over-ruled the Massachusetts 
Department of Public Utilities and ordered the elimination of eighty-eight 
passenger stations on the Old Colony Railroad. In his decision he stated that 
re-organization is impossible, legally and economically, for a railroad that can- 
not earn its operating expenses. To continue the passenger service of the Old 
Colony Railroad on the old basis would have jeopardized its capacity to main- 
tain the indispensable freight service in that territory. 

Although the changes in service will be inconvenient to some, they were 
judged to be in the public interest, permitting more satisfactory service for 
others, and it was reasonable to assume that transportation by highway would 
be available for those who found themselves without service by rail. Further- 
more, according to the decision, the public interest would be served better by a 
policy protecting indispensable freight and passenger service than by a policy 
which daily was bringing nearer the destruction of the entire enterprise. 

Freight Traffic—Certain factors that adversely affect the freight business of 
railways, however, will undoubtedly be permanent. The transportation of 
coal has not only failed to increase with the increase of population but has 
actually diminished due to the use of fuel oil and electricity. Both oil and 
gasoline are now transported by pipe lines and these commodities have the 
double effect of replacing coal and taking the business from the railways. The 
decrease in foreign trade, which is not likely to be revived, has decreased the 
traffic in imports and exports. Much |.c.L. (less car-load lots) freight, especially 
short-haul freight, is being carried by trucks on the highways, some of these, 
however, being operated by the railways themselves. The transportation of 
raw materials has been diminished due to the moving of factories to new loca- 
tions near sources of supply of the materials they use. Many economies have 
been introduced by manufacturers to reduce transportation as well as other costs 
of production. 

There is no new territory to develop, the rate of increase in population has 
decreased, and there is no new immigration. The net remainder, therefore, is 
a greatly increased transportation capacity and with it certain special factors 
that reduce the volume of freight to be transported. On “the other side of the 
ledger” is a certain amount of new business from the automobile industry and 
the fairly large volume of business that comes to the railways in hauling supplies 
for the construction of highways and other public works financed by the 
Government. Some of these benefits will continue unless the nation reaches its 
limit of borrowing or devaluation, or decides to balance its budget. 

One particular phase of freight movement on the railways, which has been 
developed within recent years, is the need of speed in the movement of certain 
kinds of goods.4 Until a comparatively short time ago, large inventories were 
~ | 4 Ratloay Age, December 23, 1933, p. 872 >) 
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the rule and orders were placed for quantities to cover seasonal rather than 
daily or weekly requirements. Then came the present era of small inventories, 
quick turnover, and so-called “hand-to-mouth” buying. 

To-day, orders are placed by telephone and deliveries from distances as 
remote as 500 miles may be expected the next day. The result is the develop- 
ment of freight trains traveling at night at speeds of 40 to 50 miles per hr which 
presents a very different situation from that which obtained 30 to 35 yr ago 
when grades of 0.2%, 0.3%, and 0.4% were built for heavy trains traveling at 
14 to 15 miles per hr, and when shipments were often a week or more on the road. 


Is THERE A RarLROAD PROBLEM? 


The extent of the decline in the business of the railroads is indicated by 
the data in Table 1. In 1936, Mr. Worley ‘ ridiculed the idea that there was 
then any national transportation problem. He claimed that the railroads were 


TABLE 1.—Decuine 1n Raitroap Busrness, Cuass 1 RartRoaps 


noe Description 1920 | 1926 | 1929 1932 | 1934) 1935 
1 Freight originated, in millions of tons............]..-. bei die 115.3 E heey 76.3 
P, Freight carried, in billions of ton-miles...........] .... Sei 44028 See ad era) 
3 Gross revenues, in billions of dollars. Ae dnl) coe) Wee) Sear Seas 3.4 
4 Net operating income, in millions of dollars. Sale see Wie esc, ple 1 4e7.0 
5 Passenger traffic, in billions of passenger miles*....| 47.0] .... oe ie Md ont 


* Railway Age, February 1, 1936. 


no worse off than other industries and that all were suffering alike from the 
economic debacle of 1929. Nevertheless, about 75 000 miles of railroads are 
in the hands of Receivers or Trustees in Bankruptcy to-day (July, 1938), and 
others seem to be seriously threatened. On July 1, 1938, the Superintendent of 
Banks of the State of New York announced that more than $3 000 000 000 face 
value (principal sum) of railroad bonds had been stricken from the list of legal 
investments for the savings banks of the State. This evidence lends the gen- 
eral appearance of a crisis or, at least, of a gravely serious situation. 

It must be borne in mind that the railways cannot be compared with ordi- 
nary industry, such as a steel mill, a copper mine, a textile plant, or other similar 
jndustries, any of which can be shut down in times of low demand. The rail- 
road is compelled to run trains, its need for maintenance goes on more or less 
regardless of traffic; the service to be rendered, and the rates to be charged are 
subject to regulation by the Government; and the wages it must pay its em- 
ployees are (or may be) determined by another governmental agency. 

In times of stress the railroads must stop maintenance, stop buying, stop 
improvements, stop advancing, and this cessation has a very serious reaction on 
the country at large. During the seven years, 1931 to 1938, the railways are 
reported" to have spent only 49% as much money annually for maintenance as 
was spent annually in the five years, 1925 to 1929, inclusive. It is estimated 
that the deferred maintenance at the end of 1937 was approximately a billion 


dollars. 
16 Railway Age, January 1, 1938, p. 22. 
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This is partly a matter of judgment but the detailed data cited make it seem 


reasonable. Keeping maintenance up to date, however, is not advancing, but © 


there can be no advancement at all with any substantial amount of deferred 
maintenance. Advances cannot be expected in an industry which is in the 


| 


7 


condition in which the railroads find themselves to-day. If it is true that noth- — 


ing stands still, then the railroads are going backward, and if they are (and the 
writer believes they are) it is a serious situation. 

Perhaps it is true that the difficulties in which the railroads find themselves 
are not symptoms exclusively of the railroads but are symptoms of a badly 
adjusted national economy, the attack on the profit motive, and the drift toward 
socialistic government ownership of everything. The railroads, however, seem 
to be bearing the brunt of the attack and, therefore, the problem now is a rail- 
road problem. 


NEEDS OF THE RAILROADS 


Need of Lower Costs of Operation.—So far as the railways are concerned, 
economy in the cost of operation means producing ton-miles and passenger 
miles at the lowest cost consistent with the full movement of traffic, and with 
the value of the facilities used and service rendered. The last is fundamental. 
This is particularly so because the service of the future must be much better 
than that of the past, and must continue to improve. 

Labor.—One of the most important factors in this phase of the problem is 
the cost of labor. According to Thomas F. Woodlock ' wages to all workers on 
the railroads now constitute more than 60% of all operating costs and, there- 
fore, they are a most important factor in the situation. Service depends very 
largely on the human element. 

Every one is entirely in favor of adequate compensation for labor—that 


is, compensation for all those employed from executives to track walkers. — 


However, when special groups. of employees banded together for mutual 
protection (as they have a perfect right to be), use their combined voting 
strength or group pressure to obtain unfair advantages for this group at the 


expense of others, or obtain privileges not granted to labor generally, it is not — 


conducive to sound business for the country or the industry. 

The very powerful unions of the railway workers have not always worked 
in the interest of the railroad industry retarding many otherwise possible 
advancements and, incidentally, injuring their own cause. 

There seems to be no good reason why railway employees should be specially 
singled out and favored over other classes of labor by general legislation as, 
for instance, in the special Social Security and Pension Acts, applying only to 
railway employees, passed at the last session of the 75th Congress when this 
same Congress was too busy to heed the President’s plea for substantial relief 
to the railroads. 

There are many angles to the labor question and having been a laborer 
all his life the writer is entirely in favor of having labor get all the pay the 
traffic will bear, with reasonable hours of labor and security for old age, but 
if any or all of these demands are applied unreasonably simply to provide 
Wo 8 Neg York Sua, January 8 1086.57 7 
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jobs and not to promote efficiency, adjustments will inevitably have to be 
made, or the jobs will disappear. 

That railroad labor has not lagged behind in increases of wages is indicated 
by the following data cited by Mr. Robert V. Fletcher’: 


“The average hourly compensation of railroad employees has increased 
from 28.3¢ in 1916 to 68.6¢ in 1935, an increase of 142.4%, while the cost of 
living has increased only 26.8 per cent. The average annual pay increased in 
this same period from $892 to $1 653, nearly double; but note this, the average 
number of persons employed dropped from 1 647 097 to 994 371, not much 
more than half.” 


Part of this decrease in employment has been due to economies in operation 
by increasing the number of cars and tons per train, longer runs, elimination 
of certain terminal and intermediate yards, etc., but these operating economies 

_by the railroads have been more than offset by decreases in the rate level, 
both freight and passenger, and the general decline in business. The working 
of the seniority rule has tended to keep an unduly large number of older em- 
ployees in service and to stifle the ambitions of the younger men, a situation 
which tends to devitalize the industry. 

It is not only that wages to railway employees increased considerably 
during the twenty years, 1916 to 1935, but these increases have continued 
through the depression. : 

At the end of 1937 the bill for wages on the railways was increased by 
more than $100 000 000 per yr at a time when operating revenues were seriously 
declining.1® The result was further curtailment of buying by the railways, 
an accentuation of the decline in general business activity, and, of course, 
further decline in business (that is, freight, handled by the railroads) and, 
a further laying off of large numbers of men. The National Mediation Board 
which obtained ‘‘peace”’ with the labor unions by granting this increase, did 
not improve either the general business of the country, the position of the 
railroads, or, in reality, the economic status of the railroad employees. It is 
not a healthy condition to have earnings of trainmen increased 16% while 
average net earnings of the railroads decreased 70 per cent.'® 

The labor question on railroads is a tremendous problem which cannot be 
ignored. If the railroads of this country are to maintain and improve their 
position (and there can be no general prosperity without prosperous railroads), 
labor must do its part in producing ton-miles at the lowest possible cost, and 
must provide improved service. If this means sacrifices either in number of 
employees due to more efficient machines, or lower rates of pay, these sacrifices 
will have to be made; but intelligent co-operation on the part of labor can help 
produce lower costs without such sacrifices through greater efficiency in 
operation which, in turn, means better service at lower cost. 

The automobile industry is probably the most highly mechanized of any 
in the country, the value of the product of each man’s labor is higher than 
that of any other industry, and the rates of wages are at the top. This has 


17 Address to the Academy of Political Science, November 12, 1936, p. 62. 
18 Railway Age, January 8, 1938 (quoting from Washington, D. C. Post). 
19 Associated Press Dispatch, in New York paper, June 30, 1938, 
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not been achieved by ‘“‘made’’ work but by securing the maximum production ~ 


from the proper combination of men and machines. Railways will have to 
achieve something similar to regain and hold prosperity. 
It must be evident from the foregoing that reduced revenues and increased 


costs of operation (labor being an important influence in the latter) are two © 


outstanding factors affecting the railroad situation in the United States to-day. 

Railroad Capitalization—There is little use in discussing the present 
financial structures of the railroads. It has been shown time and time again 
that the railroads are not over-capitalized. Considerable of the existing 
capital will probably be lost in the various re-organizations and bankruptcies 
through which so many of the lines are now passing. The diminishing rate of 
return on the capital invested in the railroads is shown in Table 2.?° 


TABLE 2.—RatLRoAD CAPITALIZATION 


Net operating Annual rate Net operating Annual rate 
Year income, in of return Year income, in of return 
dollars (percentage) dollars (percentage) 
(1) (2) (3) (1) (2) (3) 
1928 373 871 000 5.03 1933 132 595 000 1.93 
1929 311 735 000 4.04 1934 118 946 000 1.79 
1930 223 692 000 3.10 1935 175 696 000 2157 
1931 121 863 000 1.74 1936 232 782 000 3.53 
1932 130 875 000 1.80 1937 119 161 000 1.66 


It is very evident that the railways need considerably more capital in 
order to bring their maintenance up to date, to make advances, and to take 
advantage of such improvements in the art as are now available in order to 
produce ton-miles and passenger miles at the lowest possible costs consistent 
with the improved service which is now being, and will be more and more, 
demanded in the future. 


Present Needs of the Railways.—High-speed, well-equipped, smooth-running, 


air-conditioned, and probably lighter-weight passenger trains, are needed. 
Perhaps it is not going too far to state that it would pay to replace most of 
the present passenger equipment before 1948. Certainly that is true of main- 
line equipment, except for the comparatively few trains recently put in service. 
Genuine research is needed, and a mass of facts as to complete costs per unit 
of transportation of some of the newer forms of equipment and motive power. 

The state of the art of building lighter equipment has progressed to the 
point of planning for an even greater program of replacement of freight equip- 
ment than that indicated for passenger equipment. There are possibilities in 
mechanical refrigeration and other improvements in the mechanical features of 
freight cars, trucks designed for high speeds, improved draft rigging, air-brakes, 
etc.; and yet, it is doubtful whether the industry is even making the beginning 
of a showing into research as to the possibilities of these improvements. 

To carry the new equipment and to operate trains at the high speeds to 
be demanded in the future, considerable attention needs to be paid to the 
track and signals. No one seems to have been able to improve on the general 


were 
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form of track structure from that of the earliest days; but heavier rails are 
needed, as are probably welded rails, improved fastenings, still further length- 
ening of the useful life of ties, more ballast, better drainage, and, of course, 
elimination of many grade crossings and some revisions of alignment. 

The art of signaling is well advanced and undoubtedly the general installa- 
tion of some of the newer forms of automatic signals will not only promote 
safety, permitting increases of speed, but by reason of their efficiency, pay for 
their original cost. 

Railroads have only begun to explore the possibilities of power production. 
The few examples of electrification, of course, mark important advances, but, 
in the present state of the art, installations of this kind must be confined to 
areas of very dense traffic, not only because of cost but from their very nature. 
The overhead wire system of power transmission seems to be tremendously 
costly and complicated and perhaps one of the advances in store for railroads 
is a better means of transmission from the power station to the electric 
locomotive. 

Railroads are experimenting with Diesel engines but these have not yet 
progressed much beyond the experimental stage for general railroad traction 
inasmuch as all is not known about their total expense in producing and using 
power. 

The steam locomotive is continually advancing in efficiency and’steam as 
a prime mover is yet the “king”’ as far as most railroads are concerned. How- 
ever, there are many more old steam locomotives in service than is desirable, 
and these should be replaced with modern power. 

All these and a myriad other factors can, and should, be developed and 
put into practice to produce a really efficient railroad transportation machine. 
Brains, knowledge, and the engineering and scientific ability are available, 
and nothing is needed but money. ; 


THe MonrEy QUESTION 


Needed Highway Expenditures—At the meeting of the Greater New York 
Safety Council, in New York, N. Y., in 1937, Frank T. Sheets, M. Am. Soc. 
C. E., read a paper on “The Highway of Tomorrow.” He discussed, ably 
and in great detail, not only the probable future traffic of the highways and 
their needs but also the economic factors—the costs of delays and the con- 
gestion due to lack of sufficient highways of the highest types. According to 
Mr. Sheets: 


“The blindest can see that tomorrow’s highway system must include many 
classes of facilities. Neglect of one class will cripple the efficiency of all others. 
The metropolitan citizen must grasp the viewpoint and needs of the small 
town resident and the viewpoint of the farmer. The latter must see metro- 
politan highway needs. All must grasp the whole highway picture. Narrow- 
ness of vision, selfishness of concept, suspicion, intolerance and misunder- 
standing are the most formidable barriers to the realization of adequate 
highway transportation. Planning, engineering and financing are relatively 
small problems when compared with the public educational work and legislative 
action which must precede accomplishment.” 
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These sentiments are important and are equally applicable to all transpor- 
tation problems. They should by no means be confined to those of the 
highways; and, they certainly apply to railways. After this summing up of 
the situation the speaker then proceeded to forecast a reasonable estimate of 
the additional investment which he considered ‘was required to realize the 
highway system of tomorrow,” and this he fixed at the very modest sum of 
$57 000 000 000. 

- Government Funds and Credit—All this money, of course, is to be provided 
by Government credit and, again, without discussing the question as to 
whether the motor vehicle operator or owner will eventually pay his share of 
it consider what would happen to the railways of the United States if one-tenth 
this sum (that is, the mere bagatelle of, say, $6 000 000 000) were placed at 


the disposal of the railways for rehabilitation and progress. Like the owner — 


of the motor vehicle the railroad should then be allowed a fairly wide freedom 
of operation within the limits of fair dealing with shippers, passengers, and 
employees. ! 
The Government is extending its credit to the highways and, therefore, 
incidentally to highway motor transportation and to airways. Assume that 
this investment will be repaid by taxes or other contributions of the users of 
these facilities. The fact remains that the Government is financing this 
progress and looks to the development of business, and to the future users of 
the facilities, for a return on its investment. In these enterprises the Govern- 
ment takes the place of the bondholders and the stockholders of the railways. 
There can be no question but that the Government investment in waterways 
is a special gift by the entire nation to a small section of the population that 
can take advantage of these facilities. There is little return on the investment, 
and there is a further annual expenditure for maintenance. Only recently it 
‘was proposed also to invest further millions of public funds in building a 
system of waterways, permitting the passage of ocean-going vessels from the 
Great Lakes to the sea, an addition to transportation capacity not needed at 
all and, from the point of view of many, entirely unsound economically. 
Political Aspects—The Government is a most important factor in this 


railway situation. If the most important section of the national transportation — 


system is to advance, the Government must do its share. It has undertaken 
for many years now, to regulate and formulate the policies of the railways in 
minute detail. It fixes the maximum revenues, it allows or disallows capital 
issues, it regulates rates and hours of labor, etc. In view of the financial aid 
it gives to other forms of transportation (which it does not regulate so closely) 
it should extend some financial aid to the railroads, perhaps only to the extent 
of the $6 000 000 000, one-tenth of that which highway experts say must be 
spent on the highways to meet the needs of the motor vehicles. Even quite 
a little less than this would be very useful. 


As early as October, 1932, the President of the United States, speaking at 
Salt Lake City, Utah, said: 


“There is no reason to disguise the fact that the railways as a whole are in 
serious difficulty, and when so large a part of the American people have a 
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direct cash stake in the situation—our job is neither to howl about a calamity 
nor to gloss over the trouble but patiently and carefully to get to the bottom 
Ze ee situation—and try to plan for the removal of the basic causes of that 
rouble. 


Many things have been accomplished by the Government since the Presi- 
dent made this statement but the basic causes of the “serious difficulty” of 
the railways have not been removed. 

Between 1932 and 1938 the railroad situation, except for a slight flurry 
in the early part of 1937, got continuously worse dnd on April 11, 1938, the 
President in a special message to Congress”! declared: “Immediate legislation 
is, I believe, necessary at this session in order to prevent serious financial and 
operating difficulties between now and the convening of the next Congress.” 

However, in a recent ‘Fireside Chat’’ to the people over the radio, the 
President complained to his audience that: ‘“The Congress also failed to meet 
my suggestion that it take the far-reaching steps necessary to put the railroads 
of the country back on their feet.” 

In spite of the request of the President for immediate relief and in spite 
of the appropriation by this same Congress of between $4000 000 000 and 
$5 000 000 000 for various public works, which undoubtedly will include 
further construction of highways, waterways, and airways, nothing was done 
about the relief to the railroads which the President said was so greatly needed. 
However, in June, 1938, this same Congress did find time to pass special 
legislation for the railway employees. 


SUGGESTED REMEDIES 


Consolidation and Co-Ordination—The questions of consolidation, co- 
ordination, and competition are always foremost in any discussion of the 
railroad situation. Personally, the writer is opposed to consolidation when 
carried to the extent of building up such large organizations that they lose the 
sense of personal management. There are undoubtedly cases where further 
consolidation may be desirable, but these should be studied as individual 
cases rather than on the basis of some arbitrary plan for the grouping of all 
the railroads of the country, or of some section of the country. 

Co-ordination is being developed between the railways and the highways, 
waterways, and airways. The experience of the Federal Co-Ordinator of 
Transport, however, has shown that this is no one-man job; probably it mus 
be developed along the lines of natural growth—in other words, by the Ameri- 
can method rather than that of governmental paternalism. 

Competition Competition has two aspects. In one sense competition is 
waste, inasmuch as it involves the use of duplicated facilities, but, in the case 
of the railroads, it is not as injurious or wasteful as it may seem on the surface. 
The second aspect, which compensates for any disadvantages of the first, 
is that competition is a healthy state for an industry such as railroad transpor- 
tation, which depends so much on the human element which, in turn, competi- 
tion tends to keep alert. There is certainly competition in commercial highway 


21H. R. Doc. No. 583, 75th Cong., 3d Session, April 11, 1938. 
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transportation and in commercial sees It would be wise to continue 
mpetition in the railway field. he! 
tes eee the railway situation presented to the Alumni Association 
of the Harvard Business School on June 17, 1938, Mr. Eastman referred to 
the various “schools of thought” in suggested remedies for the present situation 
of the railways which he said were sick, financially speaking, and are the 

j eneral and grave concern. 

SRE aa to the ses of thought that believes that the solution of the 
problem is to be found in putting the capitalization of the companies “through 
the wringer’; another school believes in raising rates and fares; and another 
believes that the entire trouble is that of wages and working conditions. 

He emphasizes the fallacies of the first two and says of the third that 
although drastic changes in the wage scale are not feasible, he does believe 
that adjustments are necessary. He finally expresses the belief that, in view 
of the position it has taken and built up in the past, the Government must be 
an important factor in the necessary rehabilitation and building up of the 
railways. 

Mr. Eastman states that, inasmuch as the Supreme Court has ruled that 
transportation is a “function of the State,” essential to the welfare and well- 
being of the entire community, the Government must play a more active part 
in the field of planning, promotion, and prevention. 


THE SOLUTION 


Now, what is the answer to all the foregoing questions? They all revolve 
about one question—advances in transportation. The railways are clearly 
the largest factor, and it is evident that they must be maintained in that 
position if the country is to continue to prosper and if general industry is to be 
served. Nevertheless, the railroad industry, on the whole, is going backward 


instead of advancing and this is not due, except in degree, to the present - 


depression. It will not be really cured by such advance in prosperity as can 
now be visualized. 

The labor situation needs adjustment. If the railways must compete 
with other industries for business they should be allowed to compete and 
“sink or swim” by their own efforts as other businesses must, and this need 
not involve indiscriminate ‘throat cutting” on rates. 

The writer has avoided the mention of taxes because it is too big a subject 
for the scope of the paper; but taxes are growing ever larger. It seems as if 
the tax structure might well be adjusted; but there are many opinions about 
that and, in any event, it will add little to the present thesis to do more than 
mention it as a factor in the situation. 

Government to Furnish Capital and Credit to Railways——In the matter of 
capital needs and credit, the railways should be placed on an equality with 
highways, airways, and waterways, and they should have the full advantage of 
Government credit and the supply of Government funds for their necessary 
rehabilitation and progress. If this is done the Government should be in the 
same position as to railways properties that it is to the highways; that is, 


ae 
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a stockholder looking for a return on his investment to the earnings of the 
property, after existing funded indebtedness has been taken care of. 

Investments that are not legal for savings banks are usually not legal for 
insurance companies and insurance companies are large holders of railway 
securities. This, then, is not a question of a few powerful and affluent bankers, 
or wealthy families, but of almost every holder of a savings account or an 
insurance policy, and that means nearly all the ordinary, every-day, plain 
careful citizens of the country. 

The loaning of Government credit and capital to these people is at least 
as much justified as is the loaning of Government money to the manufacturers 
of automobiles, gasoline, and oil, through the construction of highways on 
which the automobiles may run and the gasoline and oil may be used. 

There seems to be ample precedent for the extension of Government credit 
and the making of Government loans to the railways, and if the railroads are 
to avoid the Government ownership and operation to which the President 
says he is opposed, there is little else that can be done. 

There seems to be no valid argument against maintaining the present 
financial structures intact and subject to the orderly processes of present 
re-organization proceedings. Railroads have been “shaken down,’ their 
weaknesses have been exposed, some non-useful and non-profitable services 
are being abandoned. The President of the United States has spoken very 
strongly against Government ownership and operation. Viewing the trans- 
portation system of the United States as a whole, therefore, it seems reasonable 
that, in the matter of credit and capital, the Government should put the 
railways on a par with the highways, waterways, and airways, and then let 
them run their own business with a minimum of regulation and interference 


————— 
PormeRtCAN, SOCIETY: OP, CIVIL ENGINEERS 
Founded November 5, 1852 i 


PAPER'S 
—— 


ANALYSIS OF RUN-OFF CHARACTERISTICS 
By OTTo H. MEYER, Assoc. M. AM. Soc. C. E. 


SYNOPSIS 


An analysis of the characteristics of run-off hydrographs is outlined in this 
paper, which proposes a revision of current methods for the determination of 
stream flow from rainfall. It is shown that a continuous rain of constant 
intensity produces a hydrograph of characteristic shape for any drainage area, 
and that this shape and the length of time until the run-off becomes constant 
(time of concentration) are functions of the shape and size of the drainage area. 
A method of constructing a hydrograph resulting from rain of duration less than 
the time of concentration is proposed. Based on this analysis, methods have 
been devised for determining hydrographs for areas lacking in run-off records, 
from the records of other areas similar in characteristics but different in size, 
and for the construction from rainfall data of hydrographs for storms or series 
of storms of varying intensity. 


Unit HyproGrRAPHS AND DISTRIBUTION GRAPHS 


Hydrographs resulting from isolated storms have long been known to have 
characteristic shapes. LeRoy K. Sherman, M. Am. Soc. C. E., found that 
for any drainage area all hydrographs resulting from isolated storms of a 
certain duration had approximately the same length of base, and that when 
reduced proportionally to correspond to the same volume of run-off they had 
very similar shapes.2. He proposed the “‘unit hydrograph,” or the hydrograph 
resulting from a 1-in. run-off from precipitation occurring in a unit of time 
(usually 24 hr). When its ordinates are multiplied by the inches of run-off from 
any storm of unit duration, this unit hydrograph gives the hydrograph reswting 
from that storm. 

Merrill M. Bernard, M. Am. Soc. C. E., proposed a “distribution graph,” in 
shape similar to the unit hydrograph, but representing, by its ordinates, per- 
centages of the total run-off from a storm, or the proportional distribution of 


Norr.—Written comments are invited for immediate publication; to ensure publication, the last 
discussion should be submitted by January 15, 1939. 


1 Asst. Engr., U. 8S. Engr. Dept., Sacramento, Calif. 
2 Engineering News-Record, April 7, 1932. 
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run-off with respect to time. The distribution graph is derived by dividing 
the ordinates of the unit hydrograph by the total volume of run-off, as indicated 
by the area under the graph. A refinement of the method of using a single 
actual hydrograph to determine the distribution graph is to compute distribu- 
tion graphs fora number of storms, plot them together, fitted as well as possible 
to each other, and draw a mean graph, thus producing the most probably 
representative distribution graph.* 

A method of constructing the composite hydrograph resulting from a series 
of rains, or rains lasting through several units of time, has been developed and 
is in general use. The procedure is to compute the hydrograph resulting from 
the rain in each unit of time, and to add the resulting hydrographs directly. 
The composite hydrograph thus constructed will fit the actual observed hydro- 
graph fairly closely. 

At best, stream-flow records are meager, and hydrographs are frequently 
required for points at which no gages have been established. Under such cir- 
cumstances it is required to determine an approximate distribution graph by 
transposition from another drainage area or from another part of the same area. 
Mr. Sherman has proposed a method of determining a unit hydrograph for any 
size of drainage area from the known hydrograph of a drainage area of similar 
characteristics.» This method (based on the principle that all dimensions of 
similar areas vary as the square roots of the areas) is, in brief, to increase or 
reduce the ordinates and abscissas of the unit hydrograph in proportion to the 
square roots of the respective drainage areas. This similarity of drainage areas 
applies particularly to slope, nature of the topography, extent of vegetation, 
and distribution of tributaries. For the relation to hold requires that the 
mean velocity of the water remain approximately constant through the length 
of the water-shed. However, the velocity of flowing water, which determines 
the length of the unit hydrograph, depends not only on slope (which the 
transposition leaves unchanged although small drainage areas have steeper 
slopes than large ones), but also on hydraulic radius and stream-bed roughness, 
which vary with the size of the drainage area. The velocity, therefore, should 
not be assumed to be constant. It is thus apparent that reliance cannot be 
placed on the foregoing method. An attempt was made by the writer, using 
this method, to determine hydrographs at successive points on the Suncook 
River in New Hampshire, with indifferent success. It is true that each of the 
hydrographs constructed was, in itself, a reasonably good approximation, but 
comparisons between them failed to give the information required in this case, 
which involved the routing of natural and reservoir-modified flood hydrographs. 
Obviously, a real necessity for a more refined method exists. 

Defects similar to the foregoing exist also in the following formulas proposed 
by the Committee on Floods,® of the Boston Society of Civil Engineers: 


T < VM; and, 


aa Mics Pa Determinate Stream Flow,” by Merrill M. Bernard, Transactions, Am. Soc. C. E., 
‘Unit Hydrograph Analysis of Surface Runoff,” U. 8. Geological Survey, Water Supply Paper 772. 
5 Transactions, Am. Geophysical Union, 13th Annual Meeting, 1932, p. 332. 

§ Journal, Boston Soc. of Civ. Engrs., September, 1932, p. 388. 
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in which M is the drainage area, in square miles ; T is the total flood period, 
in days; Q is the peak discharge, in cubic feet per second; C; is a flood coef- 
ficient, and I is total rainfall, in inches. These relations, involving, respec- 
tively, the abscissas and ordinates of the hydrograph, are in effect the same as 
those assumed by Mr. Sherman. According to the report of the Committee, 
these relationships, which are only approximately borne out by actual obser- 
vations, are based on the assumption that the drainage area involved is rec- 
tangular and of uniform slope, like a shingle on a roof, and without any well- 
defined channels. 


ANALYSIS OF THE HypROGRAPH 


It is well known that run-off is not a function of rainfall alone, but involves 
such factors as infiltration, evaporation, and surface pondage. The relation- 
ship between rainfall and the actual flow into streams is still the subject of 
much discussion, but probably it will be generally conceded that after a short 
time lag the run-off will be approximately proportional to the rainfall. Rainfall 
intensities vary considerably, and uniform, continuous rainfall is actually an 
unknown phenomenon. For these reasons, and because fluctuations in the 
intensity of a rain of considerable duration have only a minor influence on the 
shape of the hydrograph, it is assumed permissible to treat the run-off as a 
constant percentage of a uniform rain. Rainfall rates and percentages of 
run-off are assumed constant, therefore, unless otherwise specifically stated. 
It is also assumed that ground-water flow is separable from flood flow, and, 
consequently, it is assumed to be separated and is not mentioned in the analysis 
of flood flows. Uniform distribution of rainfall over the entire drainage area 
is also assumed, although it is understood that this condition is never realized, 
and is only approached on small water-sheds; in actual cases the hydrograph is 
not expected to vary greatly in shape from one produced by rain of uniform 
distribution. 

Assuming a uniform, continuous rain, the run-off passing any point on the 
stream will increase as water from more distant parts of the drainage area comes 
to the point of measurement, reaching a maximum and becoming constant 
when water from the farthest extremity of the drainage area arrives. This 
time, until water from the most distant part of the drainage area reaches the 
gage, is known as the time of concentration. 

If, after the run-off has become constant, the rainfall ceases, all water in 
surface detention soon runs off into the stream beds, soaks into the ground, or 
evaporates. As the streams then have no source of replenishment other than 
ground-water flow, which has been eliminated from consideration, all flow 
thereafter must come from depletion of the water in channel or valley storage. 
The run-off then follows a descending curve which W. W. Horner, M. Am. Soc. 
C. E., and F. L. Flynt, Assoc. M. Am. Soc. C. E.,7 found to follow the general 


equation: 


7Relation Between Rainfall and Run-Off from Small Urban Areas,” J'ransactions, Am, Soc. C. i., 
Vol. 101 (1936), Equation (2), p. 151. 
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in which Q, is the discharge, in cubic feet per second, on the descending limb 
of the hydrograph; Qm is the maximum or peak discharge, in cubic feet per 
second; K is a constant; ¢ is the time from the beginning of the storm, in 
minutes, corresponding to any Qa; and ¢; (time lag to peak) is the time cor- 


| 


responding to Qm. A similar expression was derived by Mr. Richmond T, ~ 


Zoch.& The writer found: 
Or = b= C4 log O o.o5 eens one ee (3) 


in which C; and C2 are constants applicable to a particular drainage area; t is 
the time from the beginning of the storm, in days; and Q is discharge, in 
cubic feet per second. It may be seen that these are different forms of the 
same function. 

An investigation of the characteristics of this storage run-off function shows 
that the discharge at any time subsequent to the peak is a direct function of 
the peak discharge, and that the percentage of the storage yet to run off at 
any time, and the ratio of the discharge at that time to the peak discharge, is 
constant irrespective of the magnitude of the storm. As the hydrographs of 
greater storms yet lie entirely above those of lesser storms this should reconcile 
the two schools of thought, one of which claims that the length of base of the 
hydrograph is independent of the magnitude of the storm, and the other of 
which states, apparently conversely, that the larger the storm, the longer the 
hydrograph will be. The length of base is actually infinite, but the time until 
the ordinates have receded to some particular infinitesimal proportion of the 
peak ordinate is approximately constant for any drainage area. 

Another corollary to the logarithmic expression for storage run-off is that 
discharge is directly proportional to the volume remaining in storage. For 
example, Equation (3) may also be expressed as, 


QS 6 ew. Sek ce tesa te (4) 
in which e is the base of Naperian logarithms, and 
Ci —t 
it (a (5) 


The volume, V,, remaining in valley storage at any time is equal to the area 
under the curve and to the right of the point corresponding to the time, or, 


v= e* dt = — Cs [e*],° = Coe* = C2Q erayeds” oteraietan oe (6) 
t 


A convenient name for the part of the hydrograph occurring up to the time 
of concentration is ‘‘concentration curve.” Although it governs the shape of 
the “storage curve’’ (or descending limb of the hydrograph), the shape of the 
concentration curve is itself dependent on several factors. One of these is the 
“histogram” of the drainage area, a function of the shape of the drainage area, 
and the arrangement of tributaries. A histogram is a graph on which stream- 
bed, or “thalweg,” distances from a point down stream are expressed as ab- 
FD Mcratiy W eather Review, Bapiarsber, 19067 > gn ee 
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scissas; and drainage basin widths, or, rather, areas per unit of distance, are 
expressed as ordinates. If the histogram is altered by substituting for dis- 
tances the time required for water to travel to the point of measurement, its 
integral will then become the concentration curve. In other words, the 
increase in ordinate of the hydrograph per unit of time is proportional to the 
additional area, water from which first reached the point of measurement 
during that unit of time. The time of travel itself is dependent on stream 
velocity. The velocity varies widely, from place to place on the same stream, 
but was found for the Mississippi River to fluctuate about a value approxi- 
mately proportional to the one-fourth power of the distance from the head- 
waters. The time of travel from the head-waters to any point will then be 
da 


proportional to the three-fourths power of the distance because, if Ti 


= 70.25. 
=—7 ; 


a= 2, dr: and, t = 5 at, It follows, then, that for similar drainage 


areas the time of concentration may be expected to be proportional to the 
three-fourths power of the length, or approximately proportional to the three- 
eights power of the area. 

It is now time to define a new concept, which will be referred to as the 
“basic hydrograph.”’ This is the hydrograph resulting from a uniform rain 
with a duration equal to the time of concentration. This hydrograph has for 
its rising limb the concentration curve and for its falling limb the storage curve. 
There is a sharp break at the top. This break has actually been found on con- 
tinuous gage records (see Fig. 1), although storms of sufficient duration to 
produce actual basic hydrographs on large drainage areas are quite infrequent, 
and the supply of data available from water-stage recorders at any place is 
small. 

When a storm with a duration less than the time of concentration occurs, 
the hydrograph has a somewhat different shape, as shown by Figs. 1 and 2. 
A method of deriving the hydrographs of storms of shorter duration has been 
developed. It may also be used to synthesize the basic hydrograph from one 
of a known shorter duration. The storage curve has been described as con- 
forming to Equation (3). This is only approximately true. Actually, the 
storage curve is the sum of a theoretically infinite number of curves, each of 
which conforms closely to the equation, and each of which expresses the run-off 
from an element of area at a certain time-distance from the point of measure- 
ment. A convenient, fairly close approximation is to group the run-off from 
the area, water from which first reaches the point of measurement within a 
certain unit of time, and determine the constants of the equation for that 
group. The unit should be about one-tenth the time of concentration, or less. 
The smaller the unit the better will be the definition of the curves. In practice, 
the equation itself is not determined, but only the ratio, A, of two ordinates 
one unit of time apart; this is a constant for the particular equation. This 
ratio (see Appendix I) is found to be: 
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As V, is approximately equal to h times the mean time, tm, it follows: 


in which h is the difference between the ordinates on the concentration curve | 
at the beginning and end of the unit of time; and V, is the area between the 
corresponding abscissas and to the left of the concentration curve, or the 
volume of run-off from the corresponding area remaining in valley storage, as 
shown by Fig. 3. As this is the volume of run-off that has not appeared at the 


Fic. 1.—Group or HyproGrapHs OF PEMIGE- Fic. 2.—HyprocrapHs FROM STORMS WITH 
WASSET River, AT PLymMouru, N. H., Repucep To DURATIONS OF SuCccEssIVE TWELFTHS OF TIME OF 
CoMPARATIVE SCALE CoNCENTRATION COMPUTED FROM ASSUMED BASIN 

HypRoGRAPH 


gage by the time of the cessation of the storm, it must be the volume under the 
storage curve also. Successive ordinates on the storage curve are found by 
multiplying each ordinate in turn by the ratio, \. This ratio is determined for 
each unit of time until the time of concentration. 

The hydrograph for a storm of any duration will follow the basic hydrograph 
until the cessation of the storm. At the next unit of time the ordinate will be 
the sum of the quantities, h, for the preceding units of time, each multiplied by 
its respective value of the ratio, \, plus the h-value for the last unit of time 
multiplied by the ratio of actual run-off volume from its corresponding area to 
its V, (which is the ratio of the duration of the storm to the mean abscissa for 
the unit of time). This last-mentioned multiplication is necessary so that the 
volume under the corresponding sub-storage curve will be equal to the actual 


_——— 
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run-off volume available. The following ordinates are the sums of all preceding 
subordinates multiplied by their respective ratios, plus the h-value for the last 


unit of time treated as in the foregoing text. After the time of concentration 
e 


a Time of Concentration 
Beginning of Storm 


_ A 


Time Unit 


Fic. 3.—VauLry Storace anv Sus-Srorace Curve ror a Timp Univ be 


is reached this becomes the sum of all the preceding subordinates multiplied 
by their respective ratios. A sample computation is shown by Appendix II. 

The basic hydrograph may be synthesized from one resulting from a storm 
of known duration by a reversal of the foregoing process. The height of the 
peak will be the area under the known hydrograph divided by the duration of 
the storm, as the peak run-off rate is equal to the rainfall rate multiplied by the 
percentage run-off. The basic hydrograph will follow the known hydrograph 
until the cessation of the storm. The aforementioned ratios may be deter- 
mined in advance, since they can be reduced (as shown) to functions of time. 
The subordinates for time units previous to the cessation of the storm are 
treated as described in the foregoing text, and their sum is subtracted from the 
corresponding ordinate of the hydrograph. The difference is divided by the 
ratio of the duration of the storm to the mean abscissa of the unit of time. 
This quotient is added to the last ordinate of the basic hydrograph to give the 
following one. This procedure is followed until the subtraction gives a negative 
result. At this point, the ordinate should have reached the maximum previ- 
ously computed. The storage curve, taken as the sum of all sub-storage curves, 
then follows. 


TRANSPOSITION OF HyDROGRAPHS 


As many engineering problems require hydrographs at points where no 
stream-flow measurements have been taken, some method of transposing 
hydrographs is necessary. The method proposed by Mr. Sherman, according 
to which the ordinates and abscissas of the unit hydrograph vary with the 
square root of the area, has been discussed. Unit hydrographs derived by this 
method will be correct for total volume of run-off, of course, and will lie within 
reasonable limits of variation in peak run-off rate; however, they will be subject 
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to considerable error in time of concentration and shape. For several positions 
on the same stream these hydrographs cannot be used comparatively. 

In the course of flood-control studies of the rivers of Maine and New Hamp- 
shire,eunder the United States Engineer Department, it was found necessary 
to devise some more consistent method of transposing hydrographs. Under 
the pressure of time, a detailed study being impossible, Mr. Ralph Reinhart, 
of the Engineer Department, constructed a set of curves based on a large num- 
ber of distribution graphs which had been prepared by the writer. These 
curves (shown in Fig. 4) each represent the percentage of the total run-off 
from a storm of one day duration for one of the first six days of run-off, plotted 
against drainage area. Each sheet, representing some particular day, con- 
tained four curves, representing four groups of drainage area types. It became 
possible, with experience, to pick the applicable curve after examining topo- 
graphic maps of the drainage area in question. Each day’s proportion of the 
run-off was then taken from the proper sheet. Only seven sheets were pre- 
pared, as the remainder of the hydrograph could be computed quickly by 
means of the storage curve formula. (The percentage for the seventh day is 
not shown in Fig. 4.) No attempt has been made to define, exactly, the 
topography falling in each group, as such an attempt would only be misleading; 
however, topography producing rapid run-off will fall in a group having a high 
rate the first few days, and vice versa. To determine the run-off distribution 
for any type of drainage area it will only be necessary to derive the distribution 
graph for a similar area having run-off records, plot the daily distribution 
percentages, and find which set of curves fits best. A set of curves of this type 
is very useful where a large number of hydrographs of a large number of drain- 
age areas is required, and time or the budget does not allow a more refined 
method. 

Certain situations arise where a high degree of refinement in hydrograph 
computation is required. An example of this would be the investigation pre- 
ceding the construction of a large flood-control project. In such a case, 
particularly if hydrographs at various points on a stream are required, Mr. 
Sherman’s transposition does not have a sufficient degree of precision. The 
aforementioned set of curves (Fig. 4) gives comparable hydrographs for suc- 
cessive points on a stream, but cannot be relied upon for peak run-off rates. 
A transposition of the basic hydrograph is then the best solution. The basic 
hydrograph is used in preference to the unit hydrograph because the relation 
between two basic hydrographs is a function of type and size of drainage 
area only, whereas the relation between two unit hydrographs involves the 
ratio of the time unit to the time of concentration, which is not the same for 
different sized drainage areas. The two unit hydrographs may vary greatly 


in shape, therefore, whereas the two basic hydrographs would be very similar — 


in shape. 

The transposition of the basic hydrograph of one drainage area to another 
similar area is very simple. The histograms of similar areas are similar, and 
their concentration curves are very nearly similar. The time of concentration, 


as shown previously, is approximately proportional to the three-fourths power — 


of the length of the stream, or the three-eighths power of the area. It is pref- 
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erable to use the length if it is available; otherwise the area will suffice. All 
abscissas will then vary as the time of concentration. As a check, the area 
under the curve must be the product of the time of concentration and the 
maximum ordinate. As the height of the basic hydrograph is proportional to 
the intensity of the storm producing it, the vertical scale must always be such 
that the total area under the curve is equal to the total volume of run-off; it 
needs no special treatment in transposition. 

If a unit hydrograph is desired it can be computed from the transposed 
basic hydrograph, as previously described. Distribution graphs for storms of 
any durations may also be computed by the same method. 


CoMPOSITION OR RECONSTITUTION OF HypDROGRAPHS 


The purpose of all the procedures mentioned herein is to make possible the 
construction of hydrographs from rainfall data, not only for locations where 
gaging stations exist, but for others as well. For this purpose there must be 
available methods of constructing the hydrograph resulting from a succession 


of storms of various magnitudes and durations, separated by various intervals, 


these methods making use of such tools as unit hydrographs or the proposed 
basic hydrographs. 

One element of flow must be determined independently of rainfall; that is, 
the “base”? or ground-water flow, which may be defined as that part of the 
run-off which is absorbed by the ground during precipitation or thawing, and 
which, after traveling varying distances under ground, reaches the beds of 
streams at some later time. The ground acts as an equalizing reservoir, and 
the ground-water flow has no characteristics to identify any part of it with any 
particular period of precipitation. The ground-water curve is that curve 
which is approached asymptotically by the hydrograph during intervals 
between storms. It follows an annual cycle, remarkably uniform from year to 
year. Itis generally high during the spring thaws and rains, low in the summer, 
a little higher in the fall, and low again in the winter. An example is offered 
by the ground-water curves for five successive years at Mercer, Me., on the 
Sandy River, shown in Fig. 5(a). This ground-water curve may be determined 
as a mean over several years, and plotted as cubic feet per second per square 
mile. It may then be used very satisfactorily, for any drainage area in the 
general region, as a base to which storm hydrographs may be added. If the 
hydrograph of a particular storm is to be reconstituted, it is obviously pref- 
erable to use the actual ground-water curve for that period, if available. 

Another element that must be pre-determined in constructing hydrographs 
is the percentage of run-off. This is the percentage of the precipitation that 
appears in the streams as run-off within a sufficiently short time to be identified 
with a particular storm. It may be determined for any storm by dividing 
the total volume of surface run-off from an area by the total volume of rainfall 
on that area. The percentage of run-off goes through an annual cycle remark- 


— 


ably similar to that of ground-water flow. When the ground-water level is — 


high the absorptive power of the ground is low, and the percentage of run-off 


is high. It is, in fact, almost proportional to the ground-water flow. An ex 
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ample of this cycle is given by Fig. 5(b), which is the percentage of run-off for 
the same location and period covered for ground-water by Fig. 5(a). Per- 
centages greater than 100 are caused by melting snow. 


4 
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Fic. 5.—Curves or Sanpy River, at Murcer, Me. 


It is clear that in reconstituting a hydrograph from rainfall the time of 
year must be known in order to have the correct base flow and the correct run- 
off percentage for each storm. In composing the hydrograph resulting from 
an assumed storm, the time of year must be assumed also, Each day’s rain 
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must be multiplied by the percentage of run-off for that date, and the resulting 
hydrograph must be added to the ground-water hydrograph for the period 
covered. 

The generally accepted method of reconstituting the hydrograph resulting 
from a group of storms is, as mentioned previously, to add, directly, the hydro- 
graphs resulting from the rainfall occurring in each unit of time, each one 
computed as if it were the run-off of an isolated, unit storm, using the distribu- 
tion graph. The simplicity of this method is its strength. The hydrograph 
so developed, however, will follow an actual hydrograph only very imperfectly. 
One particular discrepancy that arises is that for a succession of storms of 
equal intensities, or a continuous rain, the method will frequently give a run-off 
rate exceeding the product of the rainfall rate and percentage of run-off. This 
is particularly true when the time to the peak of the unit hydrograph is very 
nearly the time of concentration. In such a case continuation of rainfall should 
not increase the discharge; but the method described adds to the peak the 
discharge of one day later on the falling limb, plus that of two days later, etc. 
Mr. Bernard recognized this effect, but attributed it to a flood wave. It is 
clear from the foregoing analysis that it is only the result of a flaw in the method. 

The analysis of the characteristics of the basic hydrograph leads logically 
to a method of reconstituting hydrographs from rainfall. Underlying this 
method are two fundamental principles. The first is that the shape of the 
hydrograph resulting from a single storm is a function of the duration of the 
storm. The second is that the hydrograph resulting from a steady, continuous 
rain having superimposed on it a brief, heavy shower will be the sum of the 
hydrographs that would be produced by the two separately. This will be 
exactly true only on streams having a vertical stage-velocity relation; however, 
the similarity between hydrographs of storms of different magnitudes but of 
equal duration shows that little error is produced by accepting this assumption. 

In regords of the U.S Weather Bureau precipitation is recorded by days, 
and where unit hydrographs are the means of computing run-off, the records 
are used by days. In the proposed method, however, precipitation must be 
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arranged “horizontally” ; that is, where rainfall occurred on several successive 
days, it is divided into elements, each of which consists of a certain quantity of 
rain per day for the maximum number of days. This is more clearly illustrated 


in Fig. 6. Each of these elements, or “blocks,” will produce a hydrograph of — 


aa 
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different shape. The vertical scale of each hydrograph is proportional to the 
height of the corresponding block; analysis of the basic hydrograph provides 
the shape for each duration. These elements of the hydrograph may be added 
_ to each other directly until a time is reached when the rainfall rate, after having 
decreased, again increases, as on Day 4, Fig. 6. When this occurs the ordinate 
of the sum of the hydrographs resulting from preceding or lower blocks is 
carried as a constant through the duration of the additional block, and a rate of 
rainfall sufficient to maintain this flow is subtracted from the total rate during 
the period of the additional block. The hydrograph produced by the difference 
in rainfall is then computed and added to the other. At the end of this addi- 
tional block of precipitation the underlying part of the hydrograph (all of 
the hydrograph other than that computed for the additional block of rain) 
reverts to the descending curve, which is the storage curve for the part of the 
rain that has ceased, plus the uniform flow from the part of the rain that 
continues. A sample computation is given in Appendix III. 
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Fic. 7.—Hyprocrarus or Merrimac River, at Mancuester, N. H. 


The method described herein will produce a hydrograph which, in shape, 
will parallel an actual hydrograph, even reproducing minor fluctuations, 
whereas the hydrograph produced by the older method reproduces only the 
major undulations, and with a lesser degree of precision. Both methods rely 
very heavily on correct determination of percentage of run-off and ground- 
water flow. An example is offered by Fig. 7, which shows an actual hydrograph 
compared with hydrographs computed by the two methods described. 


CoNCLUSIONS 
For studies in which time is short and great accuracy is not essential the 
use of unit hydrographs or distribution graphs, with their corresponding method 
of reconstituting a hydrograph, will be the most satisfactory method, In such 
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case distribution curves similar to those shown in Fig. 5 will be found superior 
in accuracy to the unit hydrographs derived by the transposition method 
proposed by Mr. Sherman, and also much quicker, if hydrographs at a sufficient 
number of different locations are required to justify the labor of constructing 
the curves. Even for rather hasty studies the curves of annual percentage of 
run-off and ground-water flow will probably be found desirable. Where a high 
degree of accuracy is required, or for long- continued studies, the proposed 
methods will be found to be superior. Particularly in forecasting floods the 
greater degree of refinement should be of value. In such cases, the required 
curves and tables of daily run-off for various durations of precipitation, may 
be prepared in considerable detail. At any time, it will then be possible, very 
quickly, to compute the hydrograph that may be predicted to result from the 
rain to date. If future rain can be estimated for a day or two a more complete 
prediction can be made. The coefficients can be corrected from time to time as 
actual discharges become available. 


APPENDIX I 


DERIVATION OF THE RATIO OF SUCCESSIVE ORDINATES ON A STORAGE CURVE 


As shown in the paper, the storage curve conforms to the general formula 
expressed by Equation (4); and the volume remaining in valley storage at any 
time is given by Equation (6). The volume flowing out during any time, t, is: 


t t 
vi= [ oa= [ cad =~ Crleah' ia ss ee (9) 
0 0 
When ¢t = 0, the exponent, a (see Equation (5)), becomes, 
es 2 
Mi Cad, — ae = B vr Kat ar CeE ater) ar ooh (10) 


and, from Equation (10), 
Vir Csi" Coles ay Sue. ot) ats! iaikor de ak ot MOU Sees ee (11) 


When one-half the volume in storage has run-off, V; is equal to V, and equal to 
one-half the original volume; that is: 


Co ef = Cs, eo = 0.5 Co ef arama aie ap 50 las, eaeerOl is ek eee (12) 
or, 
Cy 8 
0.56, = C,e* = — 
2€ 2€ een ihe ieee abies alee ae (13) 
in which € = an By elimination and transposition: 
6° 520) Dols scutes (14a) 


and 
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If the time interval required for one-half the volume to run off is designated 
as t;, Equation (14b) becomes: 


pas IO SLOGS Re dS pe 8 (15a) 
and, 
Cee OM AO: ae OR ed PR KS ehh Wr eee (156) 
As the ordinate, h, is equal to Q: 
V; = C2Q — Coh ORE empath aR ofr clot rap meals) 4S: ou gia eye (16a) 
Vs 
(Ge = Th, Pius Maliie Nol ate)Mowticnka Hs voles is delle imtertay oko, e.icthat “pce. iojivel sae, ge (166) 
and, 
V, log, 2 
2 i Pe a Rasen (16c) 
ee | eneheratiotof ake Le -ord: 
a V7 loeD” en, the ratio of the two ordinates, one unit of 
time apart, is: 
il 
N= 7 (17) 
that is, 
» hlog. 0.5 — h 
loge \a— V lor, 2k Vaeek eae (18) 


APPENDIX II 


SAMPLE CompuTaTION, ANALYSIS OF THE CONCENTRATION CURVE 


Table 1 shows a sample computation form, in this case for the analysis of 
the concentration curve shown in Fig. 2. The time, y, and the dy-columns 
are self-explanatory. The values in Column (8) were computed from Equation 
(17). In the sub-storage curve for each time unit the first ordinate is dy; each 
ordinate is multiplied by the ratio shown to obtain the succeeding ordinate. 
In computing hydrographs for storms of short duration, the ordinates of each 
sub-curve are multiplied by the ratio of the duration of the storm to the mean 
time for the respective time unit (for Unit 3, Table 1, the mean time is 2.5; for 
Unit 7, it is 6.5, etce.), except where the time unit is prior to the cessation of 
the storm, in which case the full value is used. Thus, in a storm lasting four 


‘ Ree 4 
units, Curves (Units) 1 to 4 are used full value, Curve 5 is multiplied by 45° 


Curve 6 by os , Curve 7 by na , etc. Run-off from each unit first appears 


at the time expressed by its number, and is at the maximum rate as long as 
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the storm lasts, following the descending curve thereafter; or, if the storm has 
already ceased before its appearance, it follows immediately the curve, reduced 
proportionately as previously explained. 


TABLE 1.—ANALYSIS OF A CONCENTRATION CURVE 


SS ———————— 0 ——— EEE 


SuccrssivE ORDINATES 


Time y dy ene. 
unit 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
a 1.1 0.195 1.1 0.2 ay ca lee Sar by. 
3 re 3.1 0.520 1.6 0.8 0.4 0.2 0.1 0.1 
3 11.4 7.2 0.676 7.2 4.9 3.3 2.2 1.5 1.0 
4 29.5 18.1 0.756 sap 18.1 13.7 10.3 7.8 5.9 
5 53.3 23.8 0.803 wie 23.8 19.1 15.4 12.3 
6 80.0 26.7 0.837 ie 26.7 22.3 18.7 
7 103.8 23.8 0.859 alive 23.8 20.4 
8 123.7 19.9 0.878 se re 19.9 
9 137.4 13.7 0.892 adiet 
10 145.7 8.3 0.911 
aly 150.3 4.6 0.9245 
12 151.6 1.3 0.931 
TABLE 1.—(Continued) 
SuccrsstvE ORDINATES 
Time 
unit 


3 0.7 0.5 0.3 0.2 0.1 0.1 0.1 bes kd terete Sore Pores.) o- 
4 4.5 3.4 2.5 1.9 1.5 1.1 0.8 0.6 0.5 0.4 0.3 | 0.2 
5 9.9 8.0 6.4 5.1 4.1 3.3 2.7 2.1 1.7 1.4 1.1 | 0.9 
6 15.6 13.0 10.9 9.1 7.6 6.4 5.3 4.5 3.7 3.1 2.6 | 2.2 
7 17.5 15.0 12.9 11.1 9.5 8.2 7.0 6.0 5.2 4.4 3.8 | 3.3 
8 17.5 15.3 13.5 11.8 10.3 9.1 8.0 7.0 6.1 5.4 4.7 | 4.2 
9 13.7 12.2 10.9 9.7 8.7 7.7 6.9 6.1 5.5 4.9 4.3 | 3.9 
10 Bie 8.3 7.6 6.9 6.3 5.7 5.2 4.7 4.3 3.9 3.6 | 3.3 
11 Sivic 4.6 4.3 3.9 3.6 3.4 3.1 2.9 2.6 2.4 | 2.3 
12 orke” 1.3 1.2 1.1 1.0 1.0 0.9 0.8 0.8 | 0.7 


The same form shown in Table 1 is used in the synthesis of the concentration 


curve from hydrographs of storms of known duration, by the procedure described 
in the paper. 


APPENDIX III 


SAMPLE CoMPUTATION OF RECONSTITUTED HyproGRaAPH 


Appendix III offers an example of the computation of a hydrograph from 
rainfall data by means of the basic hydrograph. In this example, the rainfall 
shown in Fig. 6 will be used. It will be assumed that the drainage area for 
which the hydrograph is to be constructed has a space of 100 sq miles; a ground- 
water flow at this season of 3 cu ft per sec per sq mile ; and a run-off factor at 
this season of 50 per cent. It will be further assumed that its basic hydrograph 
is known and has a time of concentration of three days, and that hydrographs 


for storms of one day and three days duration have been reduced to the dis- 
tributions shown in Table 2. 


: 


‘ 
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TABLE 2.—Disrrisution, 1n Percentace or Darty Run-Orr Rate 


(a) SuccesstvE Days; Onu-Day Srorm |} (b) Succzsstvp Days; THREn-Day Storm 


Description 
1 2 3 4 5 6 1 2 3 4 5 6 
Distribution 10 34 28 14 a 3.5 10 45 85 80 40 20 


Stream flow on any later day will be one-half that on the preceding day. 
Flow on the fourth day of a longer storm will become 100% of the daily run-off 
rate, remaining at 100% for the duration of the storm, then going to 80%, 40%, 
etc., as in the case of the three-day storm (Table 2(b)). 

A flow of 26.89 cu ft per sec for one day will be produced by 1 in. of run-off 
from 1 sq mile. The run-off, at 50% run-off factor, from 1 in. of rain per day 
on 100 sq miles is, therefore, 1 345 cu ft per sec. The rainfall shown on Fig. 6, 


_ being, on successive days, 2, 4, 3, 5 in., and 1 in., respectively, is the equivalent 


mee — 


of: A five-day storm at 1 in. per day beginning on Day 1; a four-day storm at 

lin. per day beginning on Day 1; a three-day storm at 1 in. per day beginning 

on Day 2; a one-day storm of 1 in. beginning on Day 2; and a one-day storm of 
2 in. beginning on Day 4. : 

TABLE 4—ComputTa- 

TION OF RECONSTRUCTED 

TABLE 3.—CompuraTion oF RECONSTRUCTED HypROGRAPH: SPECIAL 


HypDROGRAPH: STANDARD PROCEDURE ProcepurE (Units ARE 
(Units ArE Cusic Frnt PER SECOND) Cupic Frrt pER SECOND) 
f Hypro- Mopirrep 
ages Beer po Ar GRAPHSNOT| HypRo- 
SS aware Total Mopiriep GRAPHS 
sur- |Ground-| Total Oe Total 
ES face | water a 4 ae 
A | Five-| Four-] Three-| One- } One- core How ¢ A ai ie ak a o 
day | day | day | day day ie. singel iag laine 
storm] storm| storm | storm] storm* Brie oa le Corn lst bardletOniaL 
(1) | (2) (3) (4) (5) (6) (7) (8) @) | (@) | GY |) @ ise) 
1 135 gla) It Aieaege| ie sraees arrays 270 300 570 1/1000; ... {1000] ... | 1000 
2 607 607 135 | 135 woos | 1484 300 1784 2; 600]... 600] ... 600 
3 | 1140] 1140 607 | 458 woe. | 3345 300 3 645 3 | 360] 100 463 | 23 486 
4 |1345|1345/] 1140 | 376 269 | 4475 300 | 4775 4] 216] 350 | 463] 80 543 
5 | 1345] 1076| 1076 | 188 916 | 4601 300 | 4901 5 | 130] 600 463 | 137 600 
6 | 1076 538 | . 538 94 752 | 2998 300 3 298 6 78 | 600 463 | 137 600 
7 538 269 269 47 376 | 1499 300 1799 7 47 | 466 360 | 106 466 
8 269 134 134 24 188 749 300 1049 8 28 | 280 216] 64 280 
9 134 67 67 12 94 374 300 674 9 17] 168 130} 38 168 
10 67 34 34 6 47 188} 300 488 NOTE Scum ween eel eo Bie Inicio wh oo oc 


* Column (5), Table 3, is the equivalent rainfall in a one-day 
storm of 2 in. on Day 4. 


The computation is set up in Table 3. The run-off from the foregoing 
equivalent storms is shown in the columns headed “Daily Run-Off” (Columns 
(1) to (5)), each equivalent storm to one column, in the order given. 

If an increase in rainfall should come when the hydrograph is falling, a 
special procedure is used. For example, assume a hydrograph to be falling 


1786 RUN-OFF CHARACTERISTICS Papers 


after the cessation of a storm, with a ratio between successive ordinates equal 
to 0.60, as shown in Table 4 (Column (1)). A following storm, of intensity 
sufficient to produce a maximum run-off of 600 cu ft per sec, begins on Day 3, 
its hydrograph, if it had occurred alone, being as shown by Column (2). To 
combine the two, the ordinate on Day 2 is multiplied not by the ratio, 0.60, 
but by its square root, 0.77 (giving the ordinate at the beginning of Day 3 
instead of at the middle of Day 3). This ordinate continues through the 
following storm, the ordinate that would have occurred on Day 3 now occurring 
on Day 7, the day following the end of the following storm, as shown in Column 
(3), Table (4). The increase in run-off under this hydrograph comes out of the 
run-off volume of the following storm, which must be reduced accordingly, so 
the modified hydrograph (Column (4), Table (4)) is in the ratio to that in 
600 — 463 
Column (2) of Sarai 
Column (4), Table 4. 


The total run-off is the sum of Column (8) and 


OO 
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TESTS ON BUILT-UP COLUMNS OF STRUCTURAL 
ALUMINUM ALLOYS 


BYM; HoLtT, JUN. AM. Soc. C.E. 


SYNOPSIS 

Results from tests on fifteen built-up column specimens of structural 
aluminum alloys and on two of structural steel are presented in this paper. 
The investigation was a study of the effect of the shape of section on the 
strength of built-up columns. All specimens had maximum slenderness ratios 
of about 40 and cross-section areas of 7 or 8sqin. Strains and deflections were 
measured under various loading conditions. In the range of working loads the 
shape of the cross-section has no significant effect on the ratio of the measured 
to computed deflections of the axis of the specimen nor on the magnitude of the 
transverse shear indicated by the lacing-bar stresses. The shape of the cross- 
section has a significant effect on the ratio of the measured to computed stresses, 
the local deflections under higher loads, and on the type of failure, whether by 
buckling of a component part or by bending as a unit. Short built-up columns 
of high-strength aluminum alloys are likely to fail by local buckling at average 
stresses less than the yield strength of the material when the width-to-thickness 
ratio of outstanding plates and legs of angles exceeds about 12 and when the 
width-to-thickness ratio of the cover-plates exceeds about 40. 


INTRODUCTION 


Structural designers are always confronted with the problem of determining 
the strength of compression members. These members may be single units 
(structural shapes), or they may be built-up of a number of such shapes. 
Considerable work, both analytical and experimental, has been done in the 
study of the strength of columns. It has been established that the strength 
of the member as a column is affected by its stiffness and the compactness of 
the cross-section, as well as by the strength of the material. Columns acted 
upon by axially applied loads might fail at stresses considerably less than the 

Nore.—Written comments are invited for immediate publication; to ensure publication, the last 


discussion should be submitted by January 15, 1939. 
1 Research Engr., Aluminum Research Laboratories, Arnold, Pa. 


; 
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yield strength of the material by sidewise bending because of lateral instability — 


of the member as a whole, or by twisting or buckling of a component part be- 
cause the parts themselves are not sufficiently rigid. The solution of the 
problem then lies in knowing not only the fundamental behavior of columns, 
but also the effects of the shape and proportions of the cross-section of the 
column upon its compressive strength. 

The results of many tests on steel columns can be found in the technical 
literature. These test results form the basis for specification requirements. 
The tests discussed in this paper were made as part of a research program to 
acquire information for the establishment of a set of specifications for the 
structural use of the high-strength aluminum alloys. 

Notation.—The letter symbols used in this paper are defined where they first 
appear and are assembled for reference in the Appendix. 


DESCRIPTION OF SPECIMENS 


Fifteen of the seventeen specimens used in this investigation were fabricated — 


of high-strength aluminum alloys having mechanical properties comparable 
with those of mild steel. The other two specimens were of structural steel and 
duplicated two of the aluminum alloy specimens in size and shape of the cross- 
section. Each of the specimens had a greatest slenderness ratio of about 40 
and an area of 7 or 8 sq in. 

Table 1 contains a description of the specimens. Each piece of material 
was given a number (Column (8), Table 1) by means of which specimens for 
determining the mechanical properties of the materials were identified. The 
weight of the details, such as rivets, lacing-bars, and batten-plates, is the 
difference in the weight of the complete specimen and that of the main members 
before the rivet holes were punched. The length was determined after the ends 
had been carefully machined by turning the specimen on centers in a lathe. 
The gross area was calculated from the weight and length of short pieces and the 
nominal specific gravity of the material, 2.79 for Items Nos. 178 and 258, 
and 7.85 for steel. The aluminum alloys were in the heat-treated condition.? 
The radii of gyration were computed on the assumption of unified action of the 
main members. The slenderness ratios of the specimens as a whole are given 
for the two principal axes, as is the slenderness ratio of the segments, which is 


Pa 


the distance between two adjacent rivets divided by the radius of gyration of — 


the part (see Columns (17), (18), and (19), Table 1). 


In order to emphasize the effect of the shape of the cross-section and to ob- | 


tain a suitable area of cross-section, the component parts used in some of these 
specimens are thinner than allowed by specifications commonly used in the 
design of structural steel. 

The mechanical properties of the materials in tension are given in Table 2, 
The tests were made on A. S. T. M. (American Society for Testing Materials) 
standard tensile specimens having a rectangular section and a width of 0.5 in. 
The stress-strain relations of the aluminum alloys were determined with a 
miurror-type extensometer, using a 2-in. gage length, whereas a modified form 
of the bell-crank type of extensometer was used with the steel. 

* Transactions, Am. Soc. C. E., Vol. 102 (1937), Table 7, p. 1279. 
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The mechanical properties of the materials in compression are also given in 
Table 2. The tests were made on short sections of the pieces having slenderness 
ratios of 10. The stress-strain relations were determined by measuring the 
relative movement of the heads of the testing machine with two dial-gages 
reading directly to 0.001 in. 


TABLE 2.—MeEcHANICAL PROPERTIES OF MATERIALS IN BUILT-UP COLUMNS 


TENSILE PROPERTIES, IN COMPRESSIVE PROPERTIES, IN 

Pounps PER Square INcH Pounps PER Square INcH 

. Percentage . 
Bee, elongation xyeee Pp 

Ultimate] Yield _ | Propor- | in 2 inches Ultimate} Yield Oper 

trength | strength§ | tional strength] strength9 | “onal 

streng streng limit g limit 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

143+ 59 670 43 300 34 000 21.0 130 34 280 34 000 24 000 
143f 57 040 38 600 24 000 19.5 131 34 130 33 800 22 000 
144+ 55 080 38 200 24 000 17.0 132 40 470 35 000 22 000 
144} 58 000 41 000 24 000 18.5 133 40 800 35 400 22 000 
145+ 58 750 41 100 36 000 20.0 134 37 310 37 100 28 000 
145f 55 640 37 000 26 000 17.5 135 38 710 38 500 28 000 
146A 57 530 38 900 28 000 19.0 136 40 490 32 000 20 000 
146At 57 020 38 500 26 000 16.5 137 41 610 33 500 20 000 
147+ 63 040 46 500 39 000 17.0 138 38 480 32 200 20 000 
147} 58 850 40 900 28 000 18.0 139 40 380 31950 19 000 
148+ 59 240 43 700 32 000 18.5 140 39 870 34.000 24 000 
148 58 680 42 500 32 000 16.5|| 141 40 660 34 700 24 000 
161 56 360 33 800 24 000 22.0 155 55 910 42 600 28 000 
162 55 900 33 400 22 000 21.0 156 38 450 38 300 26 000 
163 54 960 34 000 24 000 20.5 157 36 250 32 000 20 000 
167 58 130 41 800 36 000 25.0 158 47 470 37 600 20 000 
168+ 57 630 39 200 32 000 20.0 159 46 900 38 300 22 000 
168{ 57 400 36 300 22 000 19.0 159A 48 040 42 600 26 000 
169 , 62 250 ees 31 100 37.0 160 32 450 32 200 24 000 
170 60 170 42 000 38 300 33.0 161 32 520 32 200 24 000 
1717 62 780 52 500 53 350 25.0 162 33 650 33 500 24 000 
aie. aie nites oink 163 34 010 33 500 24 000 

eats 167 39 030 36 900 26 000 

169 52 040 40 800 31 500 
170 40 520 37 200 32 000 


_*See Table 1. + Specimen taken parallel to direction of rolling. {Specimen taken across direction of © 
rolling. § For aluminum alloys, at 0.2% set; and, for steel, at 0.45% set. || Broke through the gage point. 
{| Slenderness ratio = 10, tested with flat ends. 

It should be borne in mind that the aluminum alloys, like other non-ferrous 
metals and some high-strength steels, do not have a definite point of yielding 
as does mild steel. 

MetuHops or LOADING 


The column tests were made in a testing machine of the hydraulic type, 
having a maximum capacity of 300 000 lb, and intermediate load-ranges. The 
load was applied to the ends of the specimens using the various loading condi- 
tions shown in Fig. 1. 

Flat end conditions (Fig. 1(a)) were obtained by centering the specimen on 
the fixed bearing heads of the testing machine. 

Round end conditions (Fig. 1(6)) were produced with knife-edge bearing 
blocks consisting of a bearing plate supported by a single knife-edge. The 
specimens were thus allowed to deflect freely normal to the plane of the knife- 
edges, but were restrained with the condition of flat ends in the plane of the 
knife-edges.. The specimens were carefully centered in an attempt to make the 
axis of the specimen coincide with the plane of the knife-edges. 
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Eccentric loadings (Fig. 1(c)) were produced with the knife-edge bearings 
by placing the specimen off center the same distance at each end and in the 
same direction. The eccentricity, e, is defined as the distance between the 
axis of the column and the plane of the knife-edges. The values of the eccen- 


ee RCC 
tricity ratio, Fe Were between about 0.4 and 0.6. In computing these values 


of eccentricity ratio, the value of c, distance from the neutral axis to the point 
where the stress is desired, was taken as the distance to the extreme fiber and k 
is the corresponding radius of gyration. 


(a) FLAT (4) ROUND ENDS _- = (c) ECCENTRIC (dq) OBLIQUE 
ENDS (Knife Edges) LOAD LOAD 


Fic. 1.—Enp ConpiTions ror LoAapiInec CoLuMNS 


Oblique loadings were produced with the knife-edge bearings by placing the 
_ specimen off center the same distance at each end, but in opposite directions at 
the two ends. The obliquity, q, is defined as the distance between the axis of 
the column at the ends and the plane of the knife-edges. The values of the 


obliquity ratio, ay , were between about 0.4 and 0.6 


Some tests were made with the specimen off center each way from the plane 
of the.knife-edges. In some cases, the knife-edges were parallel, in turn, to the 
two principal axes of the cross-section of the specimen. All specimens were 
loaded to failure with the condition of flat ends, as shown in Fig. 1(a). 


MEASUREMENTS FOR STRAIN AND DEFLECTION 


Strains were measured on several gage lines on the main members using a 
2-in. strain-gage. The lines were placed to show the distribution of stress 
(strain) in the members not only around the section but also along the length of 
the specimen. Tensometers (1-in. gage length) were used in measuring strains 
on both sides of the lacing-bars and on rosettes (gage lines intersecting at a 
point) on batten and cover-plates. 

Deflections at the center of the specimens were measured by the use of fine 
wires, stretched between pins at the ends of the specimens, and scales (graduated 
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Ly. ; : 2 : 
to 50 in.) mounted on mirrors which, in turn, were mounted on the specimen. 


In addition to the measurements at the center, the deflections in the direction 
of bending were measured at the quarter-points in some of the tests using ec- 
centric and oblique loadings. 


Discussion OF Test DaTA 


The measured strains were interpreted into stresses using values of modulus 
of elasticity of 10 300 000 lb per sq in. for the aluminum alloys and 29 000 000 
lb per sq in. for steel. Only a very small part of all the data accumulated in 
these tests are presented herein. Fig. 2 gives the load-deflection data from the 
flat end tests; Fig. 3 gives typical eccentricity-deflection data from the eccentric 
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ie ao 
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0.05 = 
0.06 
24 20 16 12 Sh oO” 4. 8 12. 16' 20 205 1.0 0.5 0 0.5 1.0 1 
Eccentricity, e,, in Hundredths of an Inch Obliquity, g in Inches ; 
Fic. 3.—ReELation BETWEEN DEFLECTION Fig, 4.—TRANsv 
4, ERSE SHEAR INDICATED BY THE MEASURED 
AND ECCENTRICITY, ¢1, SPECIMEN 4A1P-1 SrrEesses in Lacine-Bar (258) 


load tests; and Fig. 4 gives typical transverse shear-obliquity data from the 
oblique load tests. The curves indicated by the stress in Bars 20 and 32 are 
Eo as broken lines, and the curve indicated by the stress in all bars is shown 
solid. 


MEASURED STRESSES 


In general, the measured stresses are slightly lower than the computed 
values obtained by the following equations: 


— 
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For axial loads, 


uP 
s = A SSMS og: Wed Cae ORL CE Ce a era RO Meg ts (1a) 
for eccentric loads, 
Saat ec L P 

. : aC 1+ SEs 52] a EU) 

and, for oblique loads, 

Te qc 

s=5(1+ =) a hn te (1c) 


in which s = computed unit stress, in pounds per square inch; P = total load, 
in pounds; A = cross-section area of main members, in square inches; EF = the 
modulus of elasticity of the material, in pounds per square inch; and L = length, 
in inches. The agreement was improved when added precautions were taken 
to avoid the effects of temperature variations on the measured strains. 

For the case of low axial loads, there seems to be no significant tendency for 
any one general type of specimen to have a more uniform distribution of stress 
than any other type. For higher loads, however, there is a decided tendency for 
the specimens with thin outstanding plates to have a pronounced variation in 
the stress distribution. These same remarks can be made for the cases of ec- 
centric and oblique loads when considering the variation of stresses on gage 
lines the same distance from the neutral axis. 

For the case of axial loads, there is no significant variation of stress at the 
various sections along the length of the member. With eccentric loads the 
larger stresses are found, of course, on the same side of the specimen at all 
sections and the variation along the length of the specimen is not great. With 
oblique loads there is a systematic variation of stress along the length of the 
member. At one end the greater stresses are on one side of the section and at 
the other end the greater stresses are on the other side. The stresses at the 
center section were fairly uniformly distributed. 


DEFLECTIONS WITH FLAT-END CONDITIONS 


The relations between the load and the measured deflections at the center, 
when the specimens were tested as columns with flat ends, are shown in Fig. 2. 
These curves show that the twisting of the specimen or the bending of an out- 
standing part was more significant, in many cases, than the deflection of the 
axis of the specimen. It was noted that the shape of the edge of the outstanding 
plate of Specimen 2A1P-1 changed from double curvature (S-curve) to single 
curvature (C-curve) at a load of about 95000 lb. This change in shape was 
accompanied by noticeable twisting. Specimen 2A1P-2 showed this same type 
of action. It is reasonable to believe that the deflections of the outstanding 
legs of the angles of Specimen 2A1P-3 produced a condition of instability that 
influenced the strength of the member. The twisting of the pairs of angles of 
Specimen 4A-2 is probably responsible for the change in the direction of bending 
of the axis of the specimen; that is, the twisting introduced eccentricities of 
loading with effects opposite to those of the initial “accidental” eccentricity. 


‘ 
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(‘Accidental eccentricity” is defined as the unintentional eccentricity that 
must have occurred, including the effects of crookedness of the member, fabri- 
cation defects, etc., as well as the error in the location of the point of application 
of the load.) Specimen 2C-3 also gave a queer curve for the deflections of the 
north and south sides, which was probably produced by erratic action of the 
lacing-bar joints. The sudden breaks in the curves of Specimen 2C1P-2 are 
probably a result of the buckling of the plate. 

Analyses of load-deflection data have been developed by Professors W. 
Ayrton and John Perry,’ and by Professor R. V. Southwell,* by which the eccen- 
tricity of loading and the critical column strength of the specimen can be 
determined. It is then possible to determine the fixation of the ends of the 
specimen from the critical column strength and the Euler formula for column 
strengths. There are only a few of these specimens in which the action of the 
component parts was sufficiently unified and free from twisting that such 
analyses might have been applied to the data. 

Values of accidental eccentricity can be obtained from these data as the ec- 
centricity required to give a good agreement between the measured and com- 
puted values of deflection. Such values of accidental eccentricity are not 


i reliable because the measured deflections were greatly influenced by the lack of 
¥ integral action of the specimen. They would be the upper limiting value of the 
*, accidental eccentricity, however. Such values have been used subsequently 
4 . herein in computing the strength of the members (see heading, ‘““Computed — 


Column Action and Tests to Failure’). 
The specimens with lacing and relatively light tie-plates show a tendency 


‘A toward large values of the eccentricity ratio, Sy , resulting from accidental ec- 

> centricities. For the other specimens, the shape of the section seems to have 

4 no significant effect on the values of eccentricity ratio resulting from the acci- 
dental eccentricity. 

1 vA DEFLECTION UNDER Eccrenrric Loaps 

va The averages of the measured deflections for positive and negative eccentrici- 


a ties agree quite satisfactorily with computed values obtained by the secant 
formula for deflection: 


3 
{ Dea eB . 
a y =e (see ee eine. 1 6) tol 6 Sie te: Sag ele RR ea (2) 


In some cases the measured deflection for positive eccentricity is quite different 
from the value for negative eccentricity. These differences are produced by 
i | accidental eccentricities of loading, the magnitude of which can be obtained 


from curves showing the relation between the deflection and the intentional - 
eccentricity. In Fig. 8, which shows a typical eccentricity-deflection relation, 
the accidental eccentricity is that which corresponds to zero measured deflection. 


3 ae 
On Struts,’”’ by W. Ayrt d Joh % 
4 £2, po 404-468, and ro ey and John Perry, The Engineer (London), December 10 and 24, 1886, 


On the Analysis of Experimental Observations in Problems of Elasti ility,”” 
Proceedings, Royal Soc. (A) 135 (1932), pp. 601-616; see, also, ‘Theory of Elasticity, A ia V. Southwell 


uA Oxford Press, 1936, p. 428. 
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The relations of the measured and computed deflections of the axes of the 
specimens do not seem to be influenced by the shape of the section. There were 
a few cases in which the local bending of the component parts was noticeable. 
These local deflections were influenced by the shape of the section ; for example, 
in the two T-shaped specimens (2A1P-1 and 2A1P-2), the measured values 
show that the deflection was accompanied by twisting about a longitudinal axis. 
This action was observed even for small loads. 


DEFLECTIONS UNDER OsiiquE Loaps 


In general, the deflections measured at the quarter-points were small. 
Percentage variations from the computed values are quite large in some cases 
but the differences between the measured and computed values for the aluminum 
alloy specimens are, in only one case, greater than 0.008 in. for average stresses 
of 10 000 lb per sqin. This case is the two-angle, star-shaped specimen (2A-1) 
for the condition in which the axis of bending is across the tie-plates. Other- 
wise, the shape of the section seemed to have no significant effect on the relation 
of the measured and computed deflections of the axes of the specimens. In this 
case (Specimen 2A-1), the average of the measured values is about 2.5 times as 
great as the computed value. 

The computed values used in these comparisons were obtained as one-eighth 
the value computed by Equation (2) for the specimen loaded with an eccentric- 
ity equal in magnitude to the obliquity. Although this formula does not 
strictly apply to this type of loading, the error introduced is quite small. 

The twisting of the T-shaped specimens was again noticeable even for the 
low loads and did not change direction with a reversal in the direction of the 
obliquity. 

Lacine-Bar STRESSES AND SHEARS 

It was found early in the investigation that because of the bending it was 
necessary to measure the stresses on both faces of the lacing-bars in order to 
arrive at a satisfactory value of the load on the bar. In some cases the maxi- 
mum stress in a lacing-bar was more than three times the average stress. With 
the specimens tested with the condition of flat ends or with eccentric loads, the 
stresses in the lacing-bars were rather small (less than 4 800 lb per sq in. for 


average stresses, 3 , of 15 000 lb persqin.). The transverse shears indicated by 


the average of the lacing-bar stresses were equal to not more than two-thirds of 
1% of the total longitudinal load. The transverse shear indicated by the most 
highly stressed lacing-bar (Specimen 2C-1) was equal to about 1% of the load 
when the specimen was tested as a column with flat ends. These indicated 
transverse shears were arrived at as the transverse load required to produce the 
measured average stress in the lacing-bars, assuming that the bars support all 
the shear. 

With the specimens tested with oblique loads, the stresses in the lacing-bars 
are somewhat larger and indicate values of transverse shear (based on the 
average stresses for all the bars of a specimen) as high as 3.9% of the longi- 
tudinal load. The typical data in Fig. 4 show the relation between the indi- 
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cated shear and the ratio of obliquity to the length of the specimen. It should 
be noticed that the indicated shear, expressed as a percentage of the total load, 
is independent of the load and can be represented by an empirical equation of 
the form, 


The data indicate the maximum values of the constants, F-and G, to be 0.7 and 
1.7, respectively. It is shown in Fig. 4 that the relation between the indicated 
shear and the obliquity is a straight line, and that for individual lacing-bars 
there is some indicated shear even for zero intentional obliquity. 

The average stresses in the lacing of the specimens with heavy batten-plates 
at the ends (4A-1 and 4A-2) indicate transverse shears between one-third and 
two-thirds of the transverse component of the load. The specimens with 
lighter batten-plates at the ends have an indicated shear between 0.8 and 1.7 
times the transverse component of the load. The average stresses in the lacing 
of the specimens with one cover-plate and one plane of lacing indicate a trans- 
verse shear on the lacing equal to about one-fourth the transverse component 
of the load. 

Some of the equations commonly used for estimating the shear in built-up 
columns follow from analyses of the shape of the deflected structure. In gen- 
eralizing and reducing the formulas, the value of the modulus of elasticity is 
taken as the initial modulus and the value of the average stress is taken as the 
ultimate strength of the member.® For use with structural steel (which has a 
very definite yield strength) this combination of values might be acceptable, 
but with the high-strength steels and non-ferrous metals which do not have such 
a definite point of yielding this is subject to criticism. An effective modulus of 
elasticity for strengths above the elastic stress range might be used in the 
generalization but the resulting formulas would be complicated considerably. 

Other equations in common use are based on analyses that consider the - 
column as a beam and the shear load producing a bending stress equal to the 
reduction in strength given by the slenderness-ratio term of the straight line or 
Rankine formulas. When used to estimate the shear at failure, these analyses 
are subject to the foregoing criticism. 

The data obtained on these specimens indicate that, for average stresses 
within the elastic range, the transverse shear on axially loaded columns is a 
constant percentage of the load on the specimen. In the case of Specimen 2C-1 
(with the highest indicated shear), the transverse shear at failure would be 
about 2 350 lb if the relation between shear and axial load were the same (1%) 
at failure as at working stresses. The average stress in the most highly stressed 
lacing-bar would be 4 930 lb per sq in., whereas the Euler column strength of the 
bars is 7 400 lb per sq in. Since the failure of the specimen (described subse- 
quently) was accompanied by the buckling of the lacing-bars, either the shear 
was greater than 1% of the load or the bar was in effect an eccentrically loaded 
ee ry SS eee ace 


5 Rept. of Committee XV on Iron and Steel Structures, Bulletin No. 374, Am. Ry. E A - 
ary, ao soe ade ee Design of Steel Columns,” by D. H. Younes Tren 
; Ee i 


74g, Structural Engineers’ Handbook,” by the late Milo 8. Ketchum, Hon. M. Am. Soc. C. E., 1924, 


i 


- 
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column. Either explanation is tenable. This shear of 2 350 Ib represents a 
transverse load of 330 lb per sq in. of cross-section of the main members. AI- 
though the results of this investigation do not definitely establish a value for 
the transverse load, they indicate that the value of 600 Ib per sq in. of cross- 
section used in the old A. R. E. A. (American Railway Engineering Association) 
specifications for pin-ended columns is quite reasonable. These test data also 
indicate that the shear on eccentrically loaded columns should be taken greater 


than 1%, the amount depending on the value of the eccentricity ratio, 7 : 


FoRMULAS FOR PREDICTING CoLUMN STRENGTHS 


Before proceeding with the discussion of the tests, a few remarks will be 
interjected concerning formulas for predicting the column strength and the 
type of failure that might be expected. 

The straight-line type formula is commonly used for predicting the strength 
of columns that fail by the sidewise bending of the member as a unit. This 
equation is of the form, 


in which so = column strength, in pounds per square inch, corresponding to zero 
slenderness ratio. The range of slenderness ratios is limited for which this 
equation is applicable; but the value of C' can be chosen so that the combination 
of this equation with the Euler éolumn formula covers the full range of slender- 
ness ratios. This combination of formulas has been found applicable to the 
various aluminum alloys.’ ° 

Equations for stresses in columns, such as Equation (la) and that of 
Professors Ayrton and Perry, 


can be used also for predicting the ultimate strength of columns that fail by 
sidewise bending as a unit. The value of s in these equations is set equal to 
the compressive strength of the material and a value of Load P is determined 
that satisfies the equation. The solution is usually most easily obtained by 
trial. It will be noticed that the value of the modulus of elasticity enters each 
of these equations, appearing indirectly in Equation (5). This presents no 
particular problem in the case of structural steel, which has a definite yield 
strength; but for some of the high-strength steels and non-ferrous metals the 
evaluation of an effective modulus of elasticity ° must be made. 

Although Equations (1b), (4), and (5) can be used to predict the ultimate 
strength of a column that fails by sidewise bending of the member as a unit, if 


7 “Column Strength of Various Aluminum Alloys,” Technical Paper No. 1, Aluminum Research Labora- 
tories, Aluminum Co. of America, 1938. ; oi amen 

8“‘On Struts,” by W. Ayrton and John Perry, The Engineer (London), Decem er 10 and 24, 1886, 
Vol. 62, euiation (22); also ‘‘Rational Design of Steel Columns,” by D. H. Young, Transactions, Am. Soc. 
C. E., Vol. 101 (1936), p. 422. 

9 ‘Rational Design of Steel Columns,” by D. H. Young, Transactions, Am. Soc. C. E., Vol. 101 (1936), 
p. 467. 
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the member is subject to failure by local buckling or twisting, it must be treated 
as a local instability problem. Naturally, the strength of the member will be 
limited by the lowest of the strengths predicted by a consideration of all the 
types of failure that might occur. Equations have been derived for some special 
cases of local buckling. 

For the case of wide thin plates, the critical stress, s-,, at which buckling 
occurs, can be computed by the equation:!° 


afk ry? 
ser = #5 (5) eval oiei po cehaleniehs ete leiteh@hey sikd kairauehccam (6) 


in which a = a coefficient that depends on the proportions of the plate and the 
type of restraint along the edges of a plate; 1 = Poisson’s ratio; ¢ = thickness; 
and b = width of plate. Values of Coefficient a for various loading conditions 
and various conditions of the edges of the plate can be obtained from the refer- 
ence giving the equation. It should be borne in mind that this value of sy is 
the maximum average stress that can be developed in the plate and at which 
buckling occurs. The agreement between the critical stress and the average 
stress at which collapse occurs will depend on the shape and proportions of the 
entire cross-section of the column and the loading conditions of the member; 
that is, in the specimens of which the plate is the principal part of the member, 
the agreement between the critical stress and the average stress at failure should 
be rather close, whereas for a specimen in which the plate is merely an append- 
age, the average stress at final collapse of the entire member may be considerably 
greater than the critical stress at which the plate buckles. The average stress 
at the collapse of a specimen with round or pinned ends will probably agree very 
well with the computed critical stress and, of course, will be less than the test 
result for a similar specimen with restrained or fixed ends. 

Some cases of local buckling can be treated satisfactorily by using a proper 
value of s in Equations (1b) and (5). These formulas would include those cases 
in which the maximum stress, due to combined axial load and bending, is 
developed in some part that is subject to local buckling. The value of s then 
is the compressive strength of that part and can probably be determined most 
satisfactorily by a compression test on a short length of the part. 


CoMPUTED CoLUMN ACTION’ AND TEstTs TO FAILURE 


The computed strengths of the specimens and the types of failure to be 
expected are given in Table 3. In Column (2), the larger of the two numbers 
corresponds to the fixed-edge condition and the smaller to the simply supported 
edge condition. In Column (4), Table 3, two values are listed for Specimens 
2C-1 and 2C-2. The first value corresponds to the case of bending about the 
axis of least computed stiffness and the second to the case of bending about the 
axis of greatest computed stiffness. The difference in the values of accidental 
eccentricity for the two directions makes this investigation of strength neces- 
sary. In calculations involving stresses above the elastic range, an effective 
modulus of elasticity has been used. The effective modulus was assumed to 


10‘‘Strength of Materials, Part II,” by S. Timoshenko, Van Nostrand 1930 605; 
actions, Am. Soc. C. B., Vol. 94 (1930), p. 1009: and “Thy io Btabiiog, ee aan ane: 
Gee TH G80" Chapa vir ), p 9; and ‘‘Theory of Elastic Stability,” by S. Timoshenko, 
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decrease along a straight line from the initial value at the upper limit of the 
elastic range to the value of the tangent modulus at the yield strength (0.2% 
set) and from this decreased value along another straight line to zero at the 
maximum stress. 

The column strength of the member acting as a unit was obtained by the 
straight-line formula, Equation (4), based on the properties of the material in 
the specimen and also by Equation (5), using a value of accidental eccentricity 
consistent with the data in Fig. 2.. In these computations, the value of K was 
taken equal to 0.5 which assumes that the specimens acted as columns with 
fixed ends. For each specimen the critical strength based on the local buckling 
of the plates was obtained by Equation (6) using values of the coefficient cor- 
responding to two widely different conditions of edge support, namely, simply 
supported edges and. fixed edges. The actual edge conditions usually provide 
some restraint, so the critical strength that can reasonably be expected can be 
obtained by interpolation between these extreme values. The predicted type 
of failure is that corresponding to the lowest computed strength, whether by 
local buckling or by bending as a unit. The maximum loads and column 
strengths are for these specimens tested as columns with flat ends. In nearly 
all cases the type of failure was predicted correctly. In a few cases the failure 
appears to be a combination of buckling and bending or of buckling of more 
than one part. 

The strength of Specimen 2A-1 was computed on the basis of simple support 
along the back of the plate. This seems reasonable because the four outstand- 
ing legs are all equally subject to buckling with the resultant twists centering 
_ about the shear centers of the individual angles. This reasoning does not apply 
to Specimen 4A-3 (Fig. 5), because, although the four legs are all equally subject 
to buckling, the resultant twist must center about the heels of the individual 
angles. Thus, the angles are stronger than similar angles, free to twist about 
their own shear centers. The outstanding plates of the other specimens are 
all restrained to a certain extent. The two values of computed critical stress 
given in Table 3 are based on the two conditions of the back edge of the plate 
_ mentioned previously. For those specimens with computed strengths in the 
plastic range the effect of the restraint at the edge of the plate is not so pro- 
nounced as in the cases in which the strength is in the elastic range. This 
results from the fact that the effective modulus of elasticity varies with the 
stress. 

A study of the load-deflection curve and the stresses measured at the free 
edge of the plate of Specimen 2A1P-1 indicates that. the value of computed 
critical stress corresponding to fixed edges is close to the average stress at which 
buckling occurred, whereas a similar study for Specimen 2A1P-2 (Fig. 5), 
indicates that the value corresponding to fixed edges is much too great. The 
differences between the ultimate strengths and these computed critical strengths 
should not be surprising in view of the definitions of terms and the previous 
discussion of Equation (6). The ultimate strength of Specimen 2A1P-4 (Fig. 5) 
was probably reduced somewhat by the buckling of the plate. 

The critical strength of Specimen 4A-2 is computed for the outstanding 
(short) legs of the angles with a ratio of width to thickness of 12 and a large ratio 
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of width to thickness of 16 and a length equal to the width. The range of 
values based on both simple and built-in support at the back edge of the plate 


| of length to width. It is also computed for the inside (long) legs with a ratio 
is from 27 000 lb per sq in. to 30 900 lb per sq in. The reversal of the load- 
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deflection curve in Fig. 2(b) at a stress of about 26 000 lb per sq in., is probably 
associated with the buckling of the legs of the angles. The ultimate strength 
is 32 230 lb per sq in. 

Specimens 4A-3, 4A1P-1, and 4A1P-2 (Fig. 5), with outstanding legs of 
angles, having width-to-thickness ratios of 8, 12, and 10, respectively, developed 
strengths equal to the values computed by the straight-line formula and by 
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Equation (5). Specimen 4A-2 (Fig. 5) developed 98% of the strength pre- 
dicted by the straight-line formula, and Specimens 2A1P-1 and 2A1P-2 de- 
veloped only about 60% of the strength similarly computed. These compari- 
sons should emphasize the fact that short columns with outstanding plates 
having ratios of width to thickness greater than about 12 are subject to local 
failure at loads less than those predicted by the usual column formulas. 

Specimens 2C-1 and 2C-3 (Fig. 5) ean scarcely be said to act as units in 
view of the fact that failure occurred by bending about the axis of greatest 
computed stiffness. The ratio of moments of inertia is 1: 1.3. The failure of 
Specimen 2C-3 (Fig. 5) was accompanied by the formation of Lueders’ lines. 
The agreement between the test results and the computed values was very good. 

Fig. 6 shows Specimen 2C1P-1 under an average stress of 29 000 lb per 
sq in. The buckling of the plate is quite apparent although at an average 
stress of 28 000 lb per sq in., the plate appeared smooth. These values agree 
fairly well with the critical strength computed on the basis that the edges of 
the plate are built in and the width is the clear distance between the rows of 
rivets. 

Fig. 7 shows the relation between the load and the depth of a buckle in the 
plate of Specimen 2C1P-2. The plate buckled rather suddenly at a load of 
205 000 1b. This load coincides with that at which the ‘“‘break”’ occurred in the 
load-deflection curve of Fig. 2(b). Besides the formation of this buckle, failure 
was accompanied by the formation of Lueders’ lines. The computed strengths 
for this specimen given in Table 3 are about equal to the yield strength of the 
material. The test result is about 10% less than this, probably as a result of 
the initial unevenness of the plate. 

The computed critical strength of Specimen 2C2P-1 agrees fairly well with 
_ the break in the load-deflection curve. The ultimate strength exceeds this 
value by 19 per cent. None of the three specimens, with a ratio of width of 
plate (between the lines of rivets) to thickness of about 46, developed the yield 
strength of the materials nor the strength predicted by the straight-line 
formulas. 

CoNCLUSIONS 

The following conclusions regarding built-up columns of high-strength 

aluminum alloys are justified by the foregoing data and discussion: 


(1) For low loads the shape of the cross-section has no significant effect on 
the distribution of stress; but for the higher loads the specimens with thin 
outstanding plates have a pronounced variation in the stress; 

(2) The shape and proportions of the cross-section have a significant effect 
on the ultimate strength and the type of failure, whether by bending as a unit 
or by local buckling; 

(3) The type of failure, whether by local buckling of a component part or 
by bending as a unit, can be predicted as the type of failure corresponding to 
the least of the strengths computed by the various equations for critical stress 
and column strength, 


k 


(4) In order to avoid failure of short columns € = about 40 ) by local 
buckling at a load less than that predicted for the column acting as a unit, the 


—— ) 
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width-to-thickness ratio of outstanding plates and legs of angles should not 
exceed about 12 and the ratio of width to thickness of cover-plates with a row 
of rivets near each edge should not exceed about 40; 

(5) Local buckling will not always result in the collapse of the entire mem- 
ber, but may be only a wrinkling of the buckled part; 

(6) In the range of working loads the shape and proportions of the cross- 
section have no significant effect on either the ratio of measured deflection of 
the axis of the member to be the computed deflection or on the magnitude of 
the indicated shear, expressed as a percentage of the load; and, 

(7) For two-channel members with two planes of lacing to develop equal 
column strengths in the two principal directions, the moment of inertia of the 
section parallel to the lacing, computed in the usual manner, should be greater 
than that parallel to the webs of the channels in order to counteract the minute 
unintentional slack in the lacing-bar joints. 
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APPENDIX 


NoTATION 


The following notation conforms essentially with American Standard 
Symbols for Mechanics, Structural Engineering, and Testing Materials" com- 
piled by a committee of the American Standards Association with Society 
representation, and approved by the Association in 1932: 


A = area of cross-section, main members, in square inches; 
a = a coefficient in Equation (3), that depends on the proportions of the 
plate and the type of restraint along the edges of the plate; 

b = breadth; width of plate, in inches; 

C = a coefficient chosen so that the combination of Equation (4) with the 
Euler formula covers the full range of slenderness ratios; 

distances, in inches, from the neutral axis to the point where the 
stress is desired; 

E = modulus of elasticity of the material; 

e = eccentricity of loading, in inches; 

F = term in Equation (3); 

G 

K 


° 
l| 


= term in Equation (3); 
a coefficient describing the end conditions; taken as unity for a 
column with round ends, and as 0.5 for a column with fixed ends; 


1 A.S.A.—Z10A—1932. 
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= radius of gyration of the cross-section, in inches, cenit unific 
action of the component parts of the member; wage? 
L = length, in inches; I 
P = total load, in pounds; P’ = Euler column load, in pounds; 
= obliquity of loading, in inches; distance between the axis of the 
columns at the ends, and the plane of the knife-edges; 


. . . C 18 sys 1 
— => — cr = 4 
average unit stress, in pounds per square inch [38 critical 


2 xq 
buckling Areen = Euler’s column strength = (Ey 5 80 


= column:strength corresponding to zero slenderness ratio; a 
= thickness, in inches; - 
: = total shear, in pounds; V; = indicated shear, expressed as a per- 
centage of the total load, P; 
= deflection, in inches; and, 
= Poisson’s ratio. | 
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DESIGN OF DOWELS IN TRANSVERSE JOINTS 
OF CONCRETE PAVEMENTS 


By BENGT F. FRIBERG,! Assoc. M. AM. Soc. C. E. 


SYNOPSIS 


Technical literature lacks a rational solution for the deflections and stresses 
in and around dowels through transverse joints in concrete pavements. The 
action of the dowel may be established according to general elastic formulas 
governing for an elastic structure in a yielding mass. These elastic equations 
are presented herein in simple form and are applied to round dowels such as 
may be used in road joints under assumed, approximately correct, conditions of 
yield in the concrete around the dowels. The economical length of dowels is 
indicated. 

A reasonable rule for the rapid appraisal of the effect of dowel spacing is 
stated and applied to varying dowel spacing. The concrete stress relief 
furnished by dowels, being a function of dowel deflection and pavement 
deflection, has been established in practical form based upon the theoretical 
deflection conditions. The use in design is indicated, and experimental values 
of stress relief are checked with those obtained with this method of design. 

Knowledge of deflections in and around dowels makes it possible to 
estimate the loads and stresses resulting from inaccurate dowel installation. 
The values have been developed and applied to experiments of record, giving 
some indication of the strength of the concrete. The variation in dowel 
alignment that may be permitted in actual construction, can be gaged to 
varying joint widths, movements, and dowel sizes. 


PRESENT CONSTRUCTION PRACTICE 


_ Transverse joints in concrete pavements are necessary to make longitudinal 
movements of the pavement possible, and to relieve shrinkage and temperature 
stresses. In most highway designs round steel dowels are placed across these 
transverse joints, consisting of $-in. or g-in. round plain bars, 2 ft long, spaced 


Norz.—Written comments are invited for immediate publication; to ensure publication, the last 
discussion should be submitted by January 15, 1939. 
1 Research Engr., Laclede Steel Co., St. Louis, Mo. 
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from 12 in. to 20 in. on centers. One end of the dowel is capped and painted or 
greased to present the least possible resistance to movement of the pavement. 
The dowels are most frequently in direct contact with the surrounding concrete. 
In some designs, however, they project into closely fitted heavy sleeves, which, 
in turn, bear in the concrete. Practical construction considerations, observa- 
tion of performance, and experimental data rather than design analysis, have 
led to the construction practices in common use. 

The dowels should be required to keep the road surfaces on each side of the 
joint in alignment even if subgrade support is lacking. They are also required 
to relieve the concrete stresses due to wheel loads in the immediate vicinity of 
the joints by transferring a part of these wheel loads to the adjacent pavement. 
To perform these functions the dowels themselves must be strong enough to 
carry a reasonable part of load across the joint; and, further, they must be 
dimensioned so that the bearing pressure between the dowel and the concrete 
surrounding it does not exceed permissible values. They must transfer their 
portion of the wheel loads with a sufficiently small deflection to offer a measure 
of side support to the loaded side of the joint even if the pavement rests on a 
relatively non-yielding subgrade. 

A general mathematical solution of the design problem with specific appli- 
cation to dowels through joints has not appeared in technical literature, 
although the methods have been referred to by investigators and solutions have 
been provided for application in specific cases, or under assumed distribution of 
concrete pressure along the dowel.?*> The exact mathematical solution of the 
problem pertaining to a dowel structure of infinite length has been presented by 
Professor S. Timoshenko and Mr. J. M. Lessels.4 

As the deflection of a long dowel in concrete, and the resultant pressure 
distribution between the dowel and the concrete, are not difficult to establish 
mathematically, these solutions are presented in the following analysis and from 
them the dowel performance and dowel effectiveness under common construc- 
tion conditions have been determined. It has been necessary to use material 
constants with regard to the deflection of the dowel in the concrete as well as 
with regard to the deflection of the pavement on the subgrade, which have not 
been experimentally determined with accuracy. Numerical values included in 
the paper, therefore, are not intended to be used other than for illustration of 
the method presented, or with respect to specific experimental evidence. 

Notation.—The letter symbols in this paper are defined where they first 
appear and are arranged, for convenient reference, in the Appendix. 


GENERAL SOLUTION 


For an elastic structure (see Fig. 1) extending an infinite distance into an 
elastic mass from its boundary surface, Professor Timoshenko has developed 
the relationship between the elastic properties of the two structures and the 


2**Design of the Reinforced Concrete Road Slab,” by L. E. Grinter, M. Am. Soe. C. E Bulletin No. 39 


Texas Eng. Experiment Station. 


3**Design of Joints in Concrete Pavements,” 
ami Anhoaldsestind, Fighway Hace ant ete ee Erebarye Assoc. M. Am. Soc. C. E., Proceedings, 


4“‘Applied Plasticity,’’ b wes K i q 
Press, pp. 133-141. MARA y 8. Timoshenko and J. M. Lessels, Westinghouse Technical Night School 
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deflection in the surrounding mass. Fig. 1 is a loading and deflection diagram 
that illustrates the sign convention adopted. 

The relative stiffness of the structure and the mags is expressed by the 
following constant: 


in which K = a ‘modulus of support” in an elastic mass, in pounds per inch?; 
b = the width of the structure; #, = the modulus of elasticity of the structure 
(28 000 000 Ib per sq in.); and J = the moment of inertia of the structure. 


SSS = 


2 Pressure Ky | 
Fig. 1.—Loap anp DrFrLectrion DIAGRAM, SHOWING AN Fic. 2.—DIstTRIBUTION OF STRESS IN AN 
Evastic StRuCTURE EMBEDDED IN AN ELAstTic Mass Exvastic Mass Unprr a DowsrL IF THE 
Concrete ABOVE THE Dowen 1s NxcG- 
LECTED 


Modulus K is defined as the pressure intensity, in pounds per square inch, on 
the elastic mass, required to cause a l-in. settlement. As developed by Pro- 
fessor Timoshenko, the general equation for the deflection, y, of the structure, 
in the mass, is: 


gr 


Y = xgrq7 (P cos Be — B Mo (cos Bx — sinB 2)}.........(2) 


in which e = the base of Naperian logarithms; « = distances from the left end 
of the structure; P = the concentrated load, in pounds, acting downward at 
the face of the elastic mass; and My) = the bending moment in the structure at 
the left face of the elastic mass, in inch-pounds. Moment Mo is positive 
clockwise. The slope of the structure may be established as the first derivative 
of Equation (2): 


Ba 
on = sarEcy (28 Mo — P) cos Bx — Psin 8 2} Se ot ae (3) 


For « equal to 0, the deflection, yo, at the face of the mass is: 


The pressure between the structure and the mass at any point is equal to K y 
and, therefore, is derived directly from the deflection. The points where the 
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pressure on the structure changes from positive to negative are obtained from 
Equation (2) for y = 0; thus: 
P 
=] +... Se ae (5) 
tan B L BM 

in which L is the distance from the face of the mass to these points. The 
moment, M, at any point on the structure is obtained directly from Equations 
(2) and (8): 


—Bx / 
— 2,124 - M = sine {P sin Bx — B Mo (sinBa+ cos B z)}..(6) 
From this value of M, the shear in the structure, V, at any point may be 
computed directly: 
dM 


eV =~ © {28 Mo — P)sinBe + Pos Bx} eee (7) 


APPLICATION OF DESIGN FORMULAS 


The assumption is made that the dowels are not bonded to the concrete 
and that they fit snugly into the conerete mass. Under these assumptions 
it is evident that Equations (1) to (7) are directly applicable to long dowels. 
Load P is equivalent to the shear acting on the dowel, transferred from one 
road slab to the next. Moment M> is the moment in the dowel at the face of 
the joint incidental to the transfer of this shear. In practice, the dowels are 
usually not very stiff compared with the concrete pavement. It is an ac- 
ceptable approximation, then, to presume that a point of contraflexure exists in 
the dowel at the center of the joint, in which case, for a joint width, a: 


Formulas for the solution of long dowels may then be written in the following 
simple and usable forms: From Equation (4) the deflection of the dowel with 
respect to the concrete, at the face of the joint, is: 


P 
yo = TarE (2 + Ba) CC rd (9) 
From Equation (3) the slope of the dowel at the face of the joint is, 
dy P 
de ~ ~ apex, 7 1+ 8a) TOR bef 3 (10) 


From Equation (5) the points, Ln, where the pressure changes direction 
along the dowel, are: ° 


: dM é : 
Equation (7), for ee 0, determines the point, tm, where maximum mo- 
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ment occurs in the dowel: 


GA Seer 


By substituting this value in Equation (6), the maximum moment in the dowel 

is obtained: 

Pe 82m 
268 

The stresses and deflections are proportional to P. The locations of the 


point of maximum moment and of the dowel action, as represented by Ln, are 
independent of the magnitude of P. 


Mine aoe No (Leh R aye at, cua ane (13) 


YIELDING OF CONCRETE IN WuicH Dowrts ARE EMBEDDED 


Values of K in Equation (1) have not been determined experimentally. 
The only values known to the writer are those suggested? > by L. E. Grinter, 
M. Am. Soe. C. E., of 300 000 lb per in.? and 1 500 000 lb per in.’ K represents 
the elastic deformation of several inches of concrete above or below the dowel; 
and its numerical value, therefore, would be less than the modulus of elasticity 
of the concrete. 

The dowels entering a concrete pavement slab are completely surrounded by 
concrete. The concrete above the dowel holds that immediately beneath the 
dowel by tension. The compressive stress in the concrete must then be less 
than the value existing at the dowel in reverse proportion to the depth beneath 
it. The stress condition illustrated in Fig. 2 is theoretically correct for loadings 
at a boundary surface. In actual road construction the vertical depth of the 
concrete beneath the dowel is usually from 3 in. to 6 in., and the vertical pressure 
in the concrete at the bottom of the slab cannot be greater than the bearing 
pressure exerted by the slab on the soil. It follows, therefore, that for the 
average grade of concrete now in use, the value of K probably is higher than 
300 000 lb perin.’. In this paper K has been assumed equal to 1 000 000 lb per 
in.? for all sizes of dowels. 

Since the value of K is dependent, to a major degree, upon the pressure 
immediately at the dowel, its value will probably increase with an increase in 
the size of dowels; and the experimental establishment of the value, K 6, is 
highly desirable. However, since 8 varies as K+? (see Equation (1)), a con- 
siderable change in K will not influence the stress distribution to any great 
extent. 

DesiGN FoRMULAS FOR THE ORDINARY CASE 


All the design formulas may be solved directly. Table 1 affords a clear 
‘“nicture” of the stresses in and around dowels. The maximum moment in 
the dowels is seen to occur some distance away from the joint, inside the 
concrete. 

For shears other than 1 000 lb, the values of deflections and stresses change 
in direct proportion for values within the yield point of the steel or the ultimate 
bearing resistance of the concrete. ‘Stresses above the yield point in the steel 


5 Transactions, Am. Soc. C. E., Vol. 103 (1938), p. 1157. 
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(first reached at the point of maximum moment inside the concrete) have the 
effect of increasing the maximum bearing pressure on the concrete at the face of 
the joint. Under most construction conditions the bearing stress on the con- 
crete is the critical one. Accordingly, the steel in the dowels should have a 
sufficiently high yield point so that it is not reached before the bearing stress on 
the concrete has exceeded any possible ultimate value. 


TABLE 1.—Srress CHARACTERISTICS OF DOWELS FOR A SHEAR 
or 1000 Pounps; K = 1000000 


+ 
Bearing DISTANCES, IN Bearing DISTANCES, IN 
stress, pha panel stress, Lape FROM THE 
/ Ky, ‘ACE OF THE JOINT K uy, ACE OF THE JOINT 
J oor in pounds| TO THE Pornr oF: | Maxi- eres in pounds| TO THE Pornt or: | Maxi- 
Wit'?| Yo.in | square ‘mo- |) :¥odtl | “aquarecd = 7 aera 
ey inches, | - h. im- inches, | . S4U@" ye 
joint, | ‘at the | inch, im Sec- ment, || 34 the. | inch, im- ment, 
4, in | face of | Posed on | First ae Maxi-| , 12 face of | Posed on} First Sec- | Maxi-| . in 
inches| the the con- | stress stress | mum inch- the the con- | stress t d mum | inch- 
joint crete at | re- 88 | mo- | pounds joint crete at | ye- | S'T58] mo- | pounds 
the face |versal, versal,| ment, the face |versal,|_ 7°", | ment, 
ofthe | Ty [YS8%) am of the | 7, ‘|versab) “,. 
joint 2 joint Ls eh 
(1) (2) (3) (4) (5) (6) (1) (2) (3) (4) (5) (6) 
(a) 4-IncH Dowets; I = 0.016 IncH!; (b) %-IncH Dowets; I = 0.029 Incu!; 
8B = 0.810 Inca B = 0.723 Inco 
0 0.0022 2 160 1.94 | 5.81 | 0.97 400 || 0.0017 1 650 
0.25 | 0.0024 2 380 1.82 5.70 | 0.84 490 || 0.0018 1 800 
0.50 | 0.0026 2 590 1.73 5.60 0.76 575 0.0019 1950 
0.75 | 0.0028 2810 1.65 | 5.53 | 0.69 670 || 0.0021 2 009 
1.00 | 0.0030 3 030 1.59 5.46 0.62 770 || 0.0022 2 240 
1.50 | 0.0035 3 460 1.49 | 5.36 | 0.53 980 || 0.0025 2 540 
(c) 1-IncH Dowets; I = 0.049 Incut!; d) 1}-Inco D T= : 
ye eet ade (d) 14 ss aera! blend. Inc}; 
0 0.0013 1 300 2.40 | 7.20 | 1.20 495 || 0.0009 890 2.84 52 
3 L J f 1.43 585, 
ee Ohois ? eu poe 7.08 | 1.07 575 || 0.00095 950 2.72 | 8.40 | 1.31 665 
ace aipoie 520 2.19 | 7.00 | 0.99 665 || 0.0010 1010 2.62 | 8.30 | 1.21 755 
7 F 1 620 2.10 6.90 | 0.90 760 || 0.0011 1070 2.54 | 8.20 | 1.12 8 
1.00 | 0.0017 1730 2.03 | 6.84 | 0.83 860 || 0.0011 1130 2.46 | 8.15 | 1.04 O45 
1.50 | 0.0019 1940 1.91 | 6.71 | 0.72 | 1060 || 0.0013 1250 2.32 OO | 0.91 | 1145 


LenetH oF DoweELs 


The foregoing theoretical analysis of dowels, of course, is correct only for an 
infinitely long dowel. In Fig. 3, the typical diagrams for concrete pressure 
dowel shear, and dowel moment have been plotted for an infinitely long 0.75-in. 
dowel and a joint opening of lin. The pressures between the dowel and ihe 
concrete decrease very rapidly with each succeeding stress change. 

The effect of introducing short dowels can be estimated as a correction 
factor. The procedure is indicated for 0.75-in. dowels, cut at the second point 
of pressure change. This point (see Table 1) is 5.81 in. to 5.36 in. from the 
joint face. According to Equations (6) and (7) the shear and the moment in an 
infinitely long dowel at this point, for a 0.75-in. dowel and 1-in joint openin 
are: Shear, — 17.5 1b; and moment, + 21.5 in.-lb. 2 5 
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These values are less than 5% of the values at the face of the joint, the 
moment being of reverse sign. The correction in the actual stresses, made 
necessary by cutting the dowel at this point, is equivalent to considering the 


+81 Lb per Sq In. 


Dowel, 11.92 
In. Long 


to 3030 Lb per Sq. In. 


/ 


Concrete Pressure, in Pounds per Square Inch 
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Fic. 3.—Tyricau Pressurr, Moment, AND SHEAR DiaGRAM FoR A Dowe. SHEAR or 1000 Pounps 


dowel extending toward the left from the end loaded with a shear of + 17.5 Ib 
and a moment of — 21.5in.-lb. The pressure, shear, and moment due to these 
correction loads are shown by the broken curves in Fig. 3, as corrections to the 
first developed diagrams. As may be seen, the influence of cutting the dowel 
at the second stress-change point is not noticeable upon the maximum stress 
at the face of the joint, the computed influence being less than 0.25 per cent. 
It is unwarranted to repeat the correction process back from the face of the 


joint. 
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The computation indicates that it is entirely unnecessary to extend the 
dowels beyond the second point of pressure change. Since values of shear and 
moment are quite low for some distance before the second stress-change point 
is reached, the dowels could be made as much as 25% shorter without ap- 
preciably affecting the maximum stresses in and around the dowels. 


Dowrt DzriectTion Across A JOINT 


Of primary importance in judging the dowel action in concrete pavements is 
the deflection across the joint. The less this deflection, the more nearly will the 
adjacent pavement slabs match, and thus the greater part of the wheel load will 
be transferred by the dowel from the loaded side to the unloaded side. 


Fie. 4.—DrF.ecTion or A Dowxrt Across A PavemMENT JOINT 


For a given shear, the total deflection of a dowel is a function of: (1) The 
deflection at the faces of a joint; (2) the slope of the dowel, at the faces of the 
joint; and, (3) the deflection in the part of the dowel in the joint opening. The 
conditions are illustrated in Fig. 4, and may be defined by a simple formula 
under the assumption that the faces themselves remain parallel. 

, The deflection, A, across the joint is equal to twice the sum of the following 
4 quantities: 


. 


(a) The deflection at each joint face, yo; 
a dyo t 


(b) The deflection due to the dowel slope over one-half the joint, 2dz? 


and, 
(c) The deflection of the dowel steel over one-half the joint, ae G y 


The deflection,. A, is obtained directly from Equations (9) and (10) by 
adding Increment (c); that is: 


__P (1+ (1+Ba?, @ 
A= 5RT Thapar tmeatieg 5 adie ach Me pe ae (14) 


The deflection is proportional to the dowel shear, P, as shown for 0,75-in., 
1-in., and 1.25-in. dowels in Table 2. 
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In practice, the joint faces would not remain parallel. The slope of the 
pavement slab in the direction of the dowel, as experimentally observed in 
tests of the United States Bureau of Public Roads,* however, rarely exceeds 10% 
of the slope of the dowel at the face of the joint as determined by Equation (10). 
For maximum dowel shear, when the wheel load is near the joint, the two joint 
faces may slope in opposite directions, minimizing the influence. Therefore, 
the effect of pavement slope upon dowel deflection across joints may be neg- 
lected safely. 


TABLE 2.—Deruection Across Jornt ror 1 000-Pounp Dowert SHEAR AND 
PARALLEL Jormnt Facus 


DEFLECTIONS, IN INcHES, FOR THE FoLLOwING Jornr WipTHs, 
ad, IN INCHES 
Diameter of dowel, in inches 


0 0.25 0.50 0.75 1.00 1.50 
(OLD uA dee SUS OReRE EO ERCE 0.0043 0.0053 0.0065 0.0079 0.0094 0.0134 
OOM Gade viet Pain 2 sks Bales eth arels 0.0026 0.0031 0.0036 0.0042 0.0049 0.0062 
USP 0 ced oe ORR hr eR Re 0.0018 0.0020 0.0023 0.0027 0.0030 0.0039 


Errects or DowrL Spacine on Stress RELIEF 


The dowels, correctly designed, should serve the twofold purpose of de- 
creasing deflections and of decreasing the stress in the concrete due to concen- 
trated wheel loads. The maximum stress is that which occurs parallel to the 
edge—for edge-line loading a tensile stress in the bottom of the slab immediately 
under the load; and, for corner loading, a tensile stress in the top of the slab 
some distance from the corner. In each case, this stress is proportional to the 
moment in the concrete and, in turn, to the load supported by the concrete. 

Influence of Dowel Spacing Upon Moments.—A dowel placed immediately 
beneath the load may be assumed to decrease the stress in-the pavement in 
the same proportion as it transfers part of the wheel load to the adjacent slab 
by the dowel shear. Dowels some distance from the point of loading cannot 
be considered as effective as those that are closer. They will be farther from 
the point of maximum moment, and their action will be influenced by shear 
conditions in the concrete itself. The ideal dowel condition would be that 
which would transfer shear along the line of the joint identical with the interior 
of the slab. When support across the joint is lacking, the shear in planes 
parallel to the joint will increase correspondingly. The combination of shear 
in the concrete and dowel shear, accordingly, influences the moment and stresses 
in the concrete. 

Convenient diagrams for determining the moment under and near the wheel 
load have been presented by H. M. Westergaard, M. Am. Soc. C. E.7 For 
loadings a considerable distance from any edge the maximum positive moment 
is beneath the load, the maximum negative moment is 1.8/ from the point of 

6‘*The Structural Design of Concrete Pavements,” Pt. 4, Public Roads, September, 1936. 


7‘‘Computation of Stresses in Concrete Roads,” by H. M. Westergaard, Proceedings, Fifth Annual 
Meeting, Highway Research Board, 1925. 
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load, I being the radius of relative stiffness as defined by Dean Westergaard. 
The moment diagrams for loading at an edge a considerable distance from any 
corner show a small maximum negative moment at approximately the same 
distance (1.8 1) from the point of loading. 

At the points of maximum negative moment, the shear in the concrete ina 
plane perpendicular to the edge must equal zero. This shear is the sum of the 
forces on one side of the section: The subgrade reaction, the concrete shear in 
planes parallel to the joint, and the dowel shear. Beyond the point, 1.8 /, 
from the load, the moment changes very little. The influence of any one of the 
shear increments beyond that point, upon moment under the load, therefore, 
may safely be neglected. The effective dowel shear may reasonably be 
estimated in accordance with the following rule: 


The effective dowel shear decreases inversely as the distance of the 
dowel from the point of loading, to zero at a distance of 1.87. No dowels 
beyond that point influence the moment at the load point. 


It is sufficiently accurate to consider the moment diagram of each dowel 
shear as identical to that produced by an equal wheel load, the dowel shear 
acting in an opposite direction to the wheel load. Table 3 gives the moment 


TABLE 3.—Proportion oF Epaz Moment RELIEVED BY DOWEL SHEAR 


DiIsTANCE FROM THE LOAD PoINT TO THE DOWEL AS 
A PROPORTION OF THE RADIUS OF 


Feet -ELATIVE STIFF : 
Description R ae 


0 0.21 | 0.41 | 0.62 | 0.87 1.01 1.41 1.81 


Proportion of effective dowel shear... . .| 1.00 | 0.89 | 0.78 | 0.67 | 0.55 0.44 0.22 0 
Moment at the Load Point, in Inch- “Pounds: 
For a unit dowel shear........... .| 0.49 | 0.35 | 0.15 | 0.05 | 0.01 —0.02 | —0.05 | —0.06 
For the effective dowel shear........... 0.49 | 0.31 | 0.12 | 0.03 | 0.005 | —0.01 | —0.01 0 


Moment expressed as a proportion of the 
moment due to one dowel at the load point.| 1.00 | 0.64 | 0.24 | 0.07 | 0.01 —0.02 | —0.02 0 


immediately under the wheel load of effective dowel shears for increasing 
distances from the point of loading to the dowel, the unit moments being taken 
directly from data presented by Dean Westergaard.? 

From these data (Table 3), the relative effectiveness in decreasing slab 
stress may be developed numerically for any spacing, number, and arrangement 
of dowels relative to the load point. The sum of the effectiveness of the active 
dowels, expressed as percentages of the effectiveness of one dowel, immediately 
beneath the wheel load, for varying pavement depths, and for dowel spacings 
from 8 in. to 20 in., is illustrated in Fig. 5. The lowest efficiency occurs when 
the wheel load is between two dowels. With customary dowel spacing, wheel 
loads between dowels will occur most frequently (see solid lines in Fig. 5), and in 
rating the stress-relieving value of dowels relative to their spacing, they should 
be so compared. The average effectiveness for 5-in., 6-in., and 7-in. pavement 
thickness under these conditions is as follows: 
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Dowel spacing, 
in inches 


1819 


Proportion of 
single dowel 
shear 


If the dowels are to be effective in decreasing stresses in the concrete, they must 
be spaced close together. 
These values, established directly from Table 3, are based on the assumption 


that the edge moment distribution is not changed. 


For very close dowel 


spacing and for very rigid dowels this assumption would be too approximate 


and the _ values 
must then be cor- 
rected for some 
moment  distribu- 
tion between that 
for edge loading 
and for interior 
loading. The val- 
ues probably apply 
closely for dowel 
spacing of 12 in. 
with 0.75-in. and 
l-in.. dowels, and 
for a spacing of 12 
in.; and also for 
1.25-in. dowels at 
expansion joints. 


ACTUALSTRESS RE- 
LIEF Dvr To 
DoweEts Across 

TRANSVERSE 
JOINTS 


Relation Between 
Pavement Stiffness 
and Dowel Stiff- 
ness.—For a com- 
plete evaluation of 
dowel effectiveness 


One Dowel Under Load 


of 


Percentage 


200 


100 


50 


(0) 


Edge Loading, Load 
Over Dowel 


Pavement 
Thickness =S 


Edge Loading, Load_>< 
Between Dowels 


Corner Loading, Load L Distance 


From Corner; First Dowel One- 
Half Spacing From Corner 


12 16 20 
Dowel Spacing, in Inches 


Fic. 5.—Torau Epon Stress Revier as A Prercenrace or THat AF- 


FORDED BY ONE DowerL Directity UnprR a Loap 


it is necessary to establish a basic value of one dowel at the loading point 
only. The rates of deflections of dowels have been established as shown in 


Table 2. 


The actual load transfer by a dowel directly under the load may 


then be determined if the deflection of the pavement edges or corners under a 


load is known. 


Ls ee 
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The assumption that the deflection is directly proportional to the load 
carried by the concrete (see Fig. 6) approximates closely the results obtained in 
actual deflection measurements by the Bureau of Public Roads. Computed in 
accordance with methods established by Dean Westergaard the lines correspond 


0.070 


0.060 KEY 
6-Inch Slab 


x 

@ 7-Inch Slab 
4 8-Inch Slab 
© 9-Inch Slab 


S 
ro) 
ao 
o 


S 
= 
o 


0.030 


Deflection, yp Under Load, in Inches 


0,020 


6 8 10 1 
Load at Edge or Corner, in Thousands of Pounds 


Fic. 6.—D2r.ections or PAaveMENnT UNDER EpGr AND CorNzER Loan on A Sitt LoAM SUBGRADE 


to theoretical values of k = 300 for edge loading and k = 200 for corner 
loading. 

The deflection of the loaded pavement edge must equal the deflection of the 
dowel plus the deflection of the adjacent pavement edge, and the load on the 
adjacent pavement edge must be the same as the dowel shear. If W = the 


wheel load, P = the shear on a dowel directly under the load, and y, and | 


ya = the deflection of the pavement and the dowel, respectively, for a unit 
load, the following values govern: 


(a) The deflection of the loaded edge of a pavement, yp (W — P); 
(b) The deflection of the dowel, ya P; and 
(c) The deflection of the adjacent edge, yp P. 


The sum of the deflections on either side must be identical, or: 


Yo (WP) =a typ Pa Oe i ee (15) 


from which equation the dowel load transfer is obtained, thus: 


\ 
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The values have been computed for common pavement dimensions in Table 4, 
with yp obtained’ from Fig. 6, and yg from Table 2. 


TABLE 4.—Prrcentace or Loap Transrer Across TRANSVERSE JOINTS 
FOR PAVEMENTS OF STANDARD TuIckNuss; (Strut Loam SuBGRADE; 
OnE Dowet Directiy UNpER THE Loap) 


‘ PERCENTAGES FOR THE FotLowinc DowrL DiAMuBTERS, IN INCHES: 


Width of joint, 


Buin inches Deflection = 0.0033 X the 


Load in Kips* 


(a) 6-Inch Slab; Joint Edge|(b) 7-Inch Slab; Joint Edge|(c) 9-Inch Slab; Joint Corner 
Deflection = 0.0025 X the 
Load in Kips* 


Deflection = 0.0045 X the 
Load in Kips* 


0.75 1.00 1.25 0.75 1.00 1.25 0.75 1.00 1.25 
0 30.2 35.8 39.5 26.8 32.9 36.8 33.8 38.8 41.8 
0.25 ial 34.2 38.2 24,2 31.0 35.6 31.5 37.3 40.8 
0.50 25.3 32.4 37.1 21.8 29.1 34.3 29.2 35.7 39.8 
0.75 22.8 30.5 35.6 19.5 27.1 32.6 26.7 34.0 38.6 
1.00 20.6 28.7 34.2 17.3 25.2 31.1 24.4 32.3 7 A 
1.50 16.5 25.8 31.4 13.6 22.3 28.0 20.1 29.6 34.9 


*1 kip = 1000 lb. 


Table 4, together with Fig. 5 (actual dowel spacing effect computed for 
8-in. to 20-in. spacing), affords an opportunity of checking the theoretical value 


of stress relief due to dowels with experimental 


data. The percentage of load 


transferred, as shown in Table 4, is obtained only if the wheel load is directly 
over the dowel and if the stresses in the dowel and the surrounding concrete do 


not exceed safe values. 


TABLE 5.—CoMPARISON BETWEEN EXPERIMENTAL AND THEORETICAL VALUES 
oF DoweEt Stress Reiier (0.75-Inch Dowz.s) 


6-IncH PAVEMENT; 0.75-INcH JOINT; 
0.75-Incu DowE.s; 18 INCHEs, 
CENTER TO CENTER 


Computed 
Stress Relief 
Observed Stress Relief One Dowel 
Under Load 
22.8% 
Position of (Table 4) 
load 
a 1 Oe wt 
Stress Under] & r= Seals s 
Load, in 2 iS) ASO! Fo 
Pounds per | A, 5 5A8| oo 
Square Inch,| 3’8 | & eee BP 
with Edge | 2-8 | « 2338/5 
Je Ft aad ees 
oa|/2 |$a5/38 
£ EES ee 
Not -| 88 | @— |os?| 365 
dow- |"oea | £5 | £8 [ea s/oes 
eled na}|Aa |Ham\|toa 
owels...| 297 260 37 12.5 48 11 
repre ae ietthers 297 235 62 21.0 | 101 23 


pe a ee Se SS 
DE —————————————————————————————— 


8 Public Roads, Octcber, 1936, p. 176 et seq. 


7-Incnh Pavement; Burt-Jomnt; 
0.75-INcH Dowerts; 24 INCHES, 
CENTER TO CENTER 


Computed 
Stress Relief 
Observed Stress Relief One Dowel 
ee peed 
16.8% 
(Table 4) 
n ' ran ey 
Stress Under] © % S a> 3s FI 
Load, in 2 2 ef £8 
Pounds per a o 5Aa8 oO 
Square Tach: ao | & [wag 3S 
with Edge | = | | $E8/e 
ga|2 |S.8/38 
ley w $.g19 | @ aoe 
Not | Dow-| 22 8@q | oe. 2H 
dow-| ‘eed | BS | 5S |e SH) 38 & 
eled | “© aAn| nue |Fabldsa 
275 215 60 22 30 8 
275 182 93 34 100 27 
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Accurate measurements have been reported ® by L. W. Teller, Assoc. M. Am. 
Soc. C. E., and Mr. E. C. Sutherland, from which comparative values have 
been computed in Table 5. The values in Table 5 for a 0.75-in. open joint 
check closely. For the 7-in. slab with butt-joint, the theoretical values are 
considerably lower than those developed experimentally, particularly for a 
wheel load between dowels. These experimental data indicate that there is 
considerable load transfer and joint restraint due to surface friction across the 
butt-joint, which will make the experimental values of stress relief greatly 
higher than what would be obtained with dowels alone. 

For open contraction joints and expansion joints of conventional types, 
the foregoing theoretical method of computing stress relief due to load transfer 
apparently gives results, in substantial agreement with those observed experi- 
mentally. This is evidence that the assumptions in regard to concrete yield, K, 
and the influence of dowel spacing by the use of edge moment distribution, are 
fairly correct. 

The method offers a possibility of determining the performance of dowels in 
regard to size and spacing, and to furnishing designs for any required degree of 
stress relief across a doweled edge. In no applicable case can the load transfer 
or stress relief exceed 50 per cent. For the close spacing of rigid dowels the 
method requires adjustment, because in that case it is not a sufficiently close 
approximation to assume that the moment distribution for an unsupported 
edge governs for a doweled edge. 


. 


STRESSES IN AND AROUND DOWELS 


Table 1 gives the concrete bearing stresses around a 0.75-in. dowel for a 
shear of 1000 1b. The moment in the dowel for bearing stresses from 2 160 lb 
per sq in. to 3 460 lb per sq in. varies from 400 in.-lb to 980 in.-lb, and the 
maximum fiber stress in the dowel varies from 9 700 per sq in. to 23 600 per 
sqin. Neither of these stresses exceeds that which can easily be taken by the 
materials; of the two, probably the concrete bearing stress is the critical stress. 
In joints from 0 in. to 0.75 in. wide and for normal subgrade conditions, 0.75-in. 
dowels may be expected to transfer not more than about 25% of the wheel load 
in common pavements as shown in Table 4. A dowel shear of 1000 Ib would 
then correspond to a single tire load of 40001b. These values are in fair accord 
with those encountered in actual practice. If the dowels connect pavement 
slabs under which subgrade support is inadequate, they will be required to’ 
transfer more nearly one-half the wheel load, in which case stresses approxi- 
mately double those for a 1 000-lb dowel shear may be expected to occur. The 
extreme stresses would then approach both the yield point in the steel and the 
ultimate compressive strength of the concrete as established by the usual tests 
although, in the confined space surrounding the dowel, the ultimate ooneeie 
stresses may be considerably higher than those established in the usual tests. 

A change from 0.75-in. to 1-in. dowels would improve the load transfer 
across joints from a 25% to a 33% maximum in accordance with Table 4. 
The concrete stress beneath the dowel for a 1 000-Ib dowel shear would vary 
from 1 300 to 1 950 lb per sq in., the maximum moment in the dowel from about 


=a 
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495 in.-lb to 1060 in.-lb, and the extreme fiber stress in the steel from 5 000 
to 10 800 lb per sqin. The increased load-transfer capacity would noticeably 
strengthen the joint edges both against corner cracking and longitudinal crack- 
ing between the edge and the center joint. The decrease in stress both in the 
concrete and in the steel, with the use of 1-in. dowels, is such that their use in 
heavy-duty concrete pavements seems well warranted. 


CONSTRUCTION CONDITIONS AND DowrL PERFORMANCE 


Effect of Inaccurate Dowel Alignment.—lIf all dowels across a transverse 
joint are parallel and the concrete slabs remain parallel, there is no resistance 
to movement in the joint except that exerted by frictional bond between the 
dowel steel and the concrete. If the dowels are not in alignment, however, 
their resistance to the movements of the joint will increase in proportion to the 
severity of the movements. Forces will arise to deflect both the dowels and the 
pavement edges sufficiently to make their deflection correspond to the relative 
movement. These are shear forces on the dowels, and their deflection may be 
computed according to established formulas, as illustrated in Fig. 4. Each one 
of the two deflections—that of the dowels and that of the pavement—is 
ascertainable independently. With common dowel spacings, the stiffness of 
the pavement edge will be so much greater than the stiffness of the dowels that 
the deflection of the pavement between adjacent dowels may be neglected. 

The dowel deflection is given in Equation (14). Inits application to a dowel 
on an angle with the direction of movement, the dowel deflection must equal 
the transverse component of the movement in a parallel displacement of the 
dowel; this is proportional to the movement and to the angular deviation of the 
dowel. 

Under the assumption of a fixed pavement edge, the relationship between 
the deflection of the joint and the dowel misalignment then is: 


2 eee beh Bsas)2 Wt caeen\ mages 
A =557( B ++ 1 (17) 


in which ¢ = additional opening of the joint; a; = new joint width; and 

a = misalignment of the dowel in the direction of movement, in radians. The 

relationship between the developed dowel shear, P,, due to the misalignment, 

a, therefore, may be written: 

rae 2HIai 

7 1+ (1 + B a4)’ , ait 
B° 6 


Table 6 contains computed shear values for various joint widths, and joint 
movements. The data apply for dowel misalignment in the horizontal as well 
as in the vertical direction, provided the modulus of support in the concrete, K, 
is the same in both directions. 

With the aid of Table 6, it is possible to find the loads on the dowels for 
any given construction condition. Shears and bearing stresses are shown for 
contraction joints and expansion joints in Fig. 7. If the misalignment should 


Ps 
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be greater than 1% (approximately § in. per ft of dowel), the dowel deflection 
necessary for readjustment will be proportionately greater. The resulting 
dowel loads and stresses will increase proportionately. 


TABLE 6.—Suear, P,, In Pounps, Duz To A DowEL MISALIGNMENT OF 1% 
(+ IncH PER Foor or DowEt) 


CHANGE IN JormnT WIDTH, 7, IN INCHES CHANGE IN JoInT WIDTH, 7, IN INCHES 
Final | 0.25 | 0.50 | 0.75 | 1.00 | 1.50 | 3.00 Final 0.25 | 0.50 | 0.75 | 1.00 | 1.50 | 3.00 
joint joint 
width, width, ; ; ‘ 
ai, in | Corresponding Vertical Dowel Deflection, || %i,1n | Corresponding Vertical Dowel Deflection, 
inches in Thousandths of an Inch inches in Thousandths of an Inch 
2.5 5.0 7.5 | 10.0 | 15.0 | 30.0 225) | 5.0 | 7.5 | 10.0 | 15.0 | 30.0 
(a) 0.75-INcH Dows3ts (b) 1.00-IncH DoweEts 
0 580 | 1155] 1730] 2 310} 3460] 6920 0 960 | 1920} 2 880 | 3 840] 5 760 | 11 520 
0.25 470 940 | 1410] 1880|2 820] 5640 0.25 815 | 1630 | 2 445 | 3260/4890] 9780 
0.50 390} 775|1160]1550/]2320| 4640 0.50 695 | 1390] 2085|2780]}4170} 8340 
0.75 320} 640] 955/1275/1910| 3820 0.75 595 |1185|]1780|2370|3560| 7120 
1.00 265} 530| 795]1060/1590] 3180 1.00 510 | 1015] 1525] 2030)3050| 6100 
1.50 185| 870} 560] 745/1120] 2240 1.50 405 805 | 1 210] 1610] 2420) 3220 
3.00 75| 150] 230} 305] 460 920 3.00 175 350] 525} 695])1050) 2100 
(c) 1.25-Incnh Dowz1s 
0 1415 | 2 825 | 4 240 | 5 650 | 8 480 | 16 960 1.00 825 | 1645 | 2470] 3290|4940|] 9890 
0.25 | 1235] 2465 | 3700} 4930 | 7 400 | 14 800 1.50 640 | 1275|1915] 2550|3830| 7660 
0.50 | 1090] 2175] 3165 | 4 350 | 6 330] 12 660 3.00 325 645] 970|1290)1940} 3880 
0.75 940 | 1 875 | 2 815 | 3 750 | 5630] 11 260 AGC Ae Ceol) obec cowl, Goud Bolate 


Since the bearing stress between the dowel and the concrete apparently is 
the critical stress, it has been developed from Table 1 and plotted in Fig. 7. 
As may be seen, exceedingly high concrete stresses accompany excessive dowel 
misalignment in transverse joints. Dowel loads from this source may exceed 
those caused by the normal load transfer function. 

The actual forces will be less than those developed by assuming that the 
pavement is entirely rigid. To some extent, the direction of longitudinal 
movement follows the average alignment of all dowels. The force acting in 
the dowel, therefore, is dependent on the individual deviation from this average. 
The full dowel force is not developed if the deviation in alignment occurs 
gradually from dowel to dowel. 

Strength of the Concrete Around the Dowel.—Some general observations of 
concrete failures around 0.75-in. dowels have been reported by Mr. A. R. Smith 
and 8. W. Benham, Assoc, M. Am. Soc. C. E.2 The data are classified for 
study in Table 7, in which the stresses to which the misalignments correspond, 
as read from Fig. 7, are given in Column (5). 

The uniformity of the two sets (in Table 7, Items Nos. 1 and 4 against 


9**Eiffect of Dowel-Bar Misalignment Ac: G ints,” i 
Sanford W- Benham, Transactions, Aim, Boo, G Ba Wor to GOS joints,” by Arthur R. Smith and 
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Fig. 7.—Dowert SHEAR AND CoNncRETE STRESS PRopucED By Joint Movement DEFrLEectTING 
A Dowert 1 Par Cent. (%¢ Inco PER Foor or DowEt) 


TABLE 7.—OBSERVED CONCRETE StRENGTH AROUND DOowWELS 


Additional opening,* Concrete bear- 

Degree of 7, in inches Extent of ing stress, in 

Item No. Type of joint misalign- spalling pounds per 

ment around dowels | square inch, 

Initial Final from Fig. 7 

(1) (2) (3) (4) (5) (6) 
1 Contraction 1% 0 0.75 Slight 2700 
2 Contraction 4% (0) 0.75 Distinct 10 800t 

3 Contraction 6% 0 0.50 Failure 12 000 
4 Expansion 1% 1.00 0.25* Slight 3 300 
5 Expansion 47% 1.00 0.25* Completet 13 000 


* Additional closing at expansion joint. + Complete cracking and spalling. $4 X 2700 = 10800. 
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to distinctly separate stress conditions in the concrete. The slight spalling, 
with bearing stresses of about 3 000 lb per sq in., probably indicates failure of a 
secondary frictional nature, or direct tension immediately beside the dowel. 
The ultimate stress of more than 10 000 lb per sq in., undoubtedly indicates 
failure in compression, or for thin pavements failure in tension along the cone- 
shaped surface under or over the dowel. The behavior, including ten extensive 
cycles of movement, indicates that it may be safe, in design, to use a bearing 
stress of somewhat less than 3 000 Ib per sq in. between the dowels and the 
concrete. The data indicate the presence of a high compression stress in the 
confined concrete surrounding the dowels, which had been expected. Higher 
stresses under exceptional conditions may be permissible because, although 
concrete failure would result around an exceptionally faulty dowel, such failure 
may not be noticeable in a pavement failure on good subgrade. 


PERMISSIBLE Limits oF DowEL MISALIGNMENT 


Theoretical analysis of stresses due to dowel misalignment establishes the 
fact that the dowels must be placed with considerably greater accuracy for 
wide joints than for narrow joints if both are to close to the same value of aj. 
Fig. 7 also illustrates the fact that 1-in. dowels cause no greater bearing stresses 
in the concrete than 0.75-in. dowels for identical misalignment. If the 
limiting stress due to the average misalignment commonly encountered in 
practice is set at 2 000 lb per sq in. in the concrete, the misalignment of 0.75-in. 
expansion joints intended to maintain a minimum opening of 0.25 in. should 
not be more than 1% for either 0.75-in. or 1-in. dowels. The same permissible 
average dowel misalignment would apply to 0.75-in. or 1-in. dowels extending 
through a contraction joint with a maximum opening of 0.50 in. 

It would seem impossible to tolerate alignment errors of 0.5 in. per ft of 
length, except under the most exceptional circumstances. The efficiency of 
the joint and of the dowels is seriously impaired by greater misalignment than 
s in. per ft, although the edges of the joint may not fail. 


PRACTICAL PROBLEMS IN ALIGNMENT 


Most pavement designs include spacer or distribution bars parallel to, and 
on each side of, transverse joints, to which bars the dowels-are tied. The 
spacer bars are justified for reinforcement at the edge of the joint. However, 
wiring has not proved adequate to maintain the horizontal alignment of the 
dowels during the construction operations. Some pavement designs, accord- 
ingly, specify crimping or other mechanical processes, to locate the dowels 
exactly and also to extend the spacer bars exactly to the side forms so the 
dowels in both pavement lanes are parallel with the longitudinal axis of the 
pavement. The horizontal alignment can be made exact in that manner 
without increasing the material or work necessary in the construction of the 
pavement. 

Satisfactory alignment in the vertical direction can be obtained with sup- 
ports from the subgrade placed near the outer ends of each dowel. ‘These 
supports must be substantial enough to retain their position during concreting. 
It should be possible to adjust the dowels with a spirit-level if inspection reveals 


_- 
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them to be out of line more than the permissible tolerance. A great number 
of observations in the field have revealed that, with reasonable care and inspec- 
tion, dowels supported near their ends may easily be placed with misalignments 
of less than % in. per ft. 

Dowels supported on the joints only, or very near the joints, cannot easily 
be maintained in satisfactory alignment, because they will be influenced by 
movements of the joint under the action of the fresh concrete. Particular care 
is required to maintain short dowels in correct alignment as the vertical devia- 
tion at their ends is not at once discernible in casual inspection. 


CONCLUSION 


Dowels across the transverse joints of pavements can be designed exactly by 
simple formulas. The value of K (1000000 lb per in.*) used in this paper 
should be verified experimentally by actual load tests on dowels. It is believed 
to be sufficiently close, however, to permit its use for stress determination. 
Actual stress determinations show relatively high stresses both in and around 
0.75-in. dowels under loads that may be encountered in practice. Increase in 
the size of dowels relieves the concrete stress quickly. The dowel length may 
be decreased to one-half the 24-in. length now common in actual construction. 

Experimental and theoretical stress and moment determinations in pave- 
ments subjected to edge loading indicate that dowels which are farther away 
than 1.8 times the radius of relative stiffness are totally ineffective for the 
relief of traffic load stresses and that their effect decreases rapidly with increas- 
ing distance from the point of load, within the effective distance. Linear de- 
crease in effective shear is proposed as a convenient and sufficient approximation. 

Dowel deflection across the joints is primarily a function of dowel deflection 
and elastic slope at the face of the joint. Deflection of 1-in. dowels is approxi- 
mately one-half the deflection of 0.75-in. dowels. The stress relief offered by 
single dowels is dependent on their deflection, and the rate of deflection of the 
pavement on the subgrade. By proper design and construction, stresses can 
be reduced 25% to 35% at the average joint opening. . Dowels are effective 
for this purpose if they are spaced sufficiently close. The performance of a 
dowel can be predicted quickly by the method given in this paper, and the size 
of the dowel, as well as the proper spacing, can be determined for any desired 
stress relief. The results check closely the values that have been determined 
experimentally. 

Stresses due to inaccurate dowel installation have been determined. With 
extreme joint movements, they may exceed the stresses due to traffic loads 
unless care is given to this construction detail. Observed concrete failures 
under known conditions of dowel misalignment indicate the presence of high 
ultimate concrete compression stresses in the confined space around the dowels. 
A design stress of 2 000 lb per sq in. between the dowel and the conerete appears 
justifiable. Dowels should be aligned with extreme care if they are to perform 
their function during the life of the pavement. Satisfactory dowel performance 
can be obtained with less weight of steel than is now used, but as the dowels are 
shortened, increasing care must be given the exactness of the supports and 


spacing of the dowels. 
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APPENDIX 


Notation 


The following notation conforms essentially with American Standard 
Symbols for Mechanics, Structural Engineering, and Testing Materials,” com- 
piled by a committee of the American Standards Association with Society 
representation, and approved by the Association in 1932: 


a 


iy 


— 


BS y 


J 


> SPwWeR 


width of a joint between pavement slabs; a; = new width after the 
joint has spread or closed; 

breadth = the width of a structure embedded in an elastic mass; 

modulus of elasticity of a structure; H, = modulus of elasticity for 
concrete; 

base of Naperian logarithms; 

moment of inertia of a structure; 

additional opening or closing of a joint from its original dimension; 

modulus of support in an elastic mass, defined as the pressure in- 
tensity, in pounds per square inch, on a mass, sufficient to cause 
a settlement of 1 in.; 

modulus of subgrade reaction; 

length; Ly, Lx, --- Ly, = distances to Sections 1, 2, --- n, from the 
face of an elastic mass, Sections 1, 2, --- m being points where the 
pressure changes direction; 

radius of relative stiffness of the pavement; 

moment at any point of a structure and an elastic mass; My = mo- 
ment in a structure at the left face of an elastic mass; 

load, or shear, on a structure at the face of the elastic mass; P, = the 
load equivalent to the developed shear; 

unit stress; s. = unit stress at radial distance, p; 

shear in the structure at any point; 

total weight; wheel load; 

distance parallel to the X-axis, or the horizontal axis of a structure; 
tm = point in a dowel where maximum movement occurs; 

deflection; distances parallel to the Y-axis; deflection of a structure 
relative to an elastic mass; yo = deflection at the face of an elastic 
mass; Yp = deflection of a pavement acted upon by a unit load; 
ya = deflection of a dowel acted upon by a unit load; 

misalignment of a dowel, in radians; 

relative stiffness of a structure embedded in an elastic mass; 

total deflection across a joint; _ 

angular distance corresponding to radius of stiffness, p; 

radius of stiffness. 
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SPECIFICATION AND DESIGN OF STEEL 
GUSSET-PLATES 
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SYNOPSIS 


An attempt is made in this paper to supply information about the structural 
steel plates designed to transfer force from one member to another in a struc- 
tural steel frame or bridge. The forces enter and emerge from these gusset- 
plates, often by means of rivets, but sometimes through welds. Since a gusset- 
plate is a point of discontinuity of stress transfer in a structural steel frame, it 
is here that failures most often occur. 

As early as 1867, J. W. Schwedler noted ? the unequal distribution of stress 
among the rivets in a riveted connection. He found that the end rivets took 
most of the stress and the interior ones least. Likewise, the ends of a welded 
connection are more highly stressed than the interior. 

This inequality of stress transfer into a gusset-plate can be shown by stress- 
ing models of the type shown in Fig. 1, which are carved from single pieces of 
bakelite to simulate gusset-plates. When forces are applied through the legs to 
the plate, fringed photographs can be made by the aid of photo-elasticity. The 
photo-elastic fringes are the means of establishing the stress value (p — q), 
at a particular point, p being one principal stress and g the other principal stress 
at right angles to it. Although a (p — q)-determination is a good indication of 
the condition of stress in a plate, a (p + q)-determination was made for some of 
the models. The lateral expansion or contraction of the stressed plate at any 
point is proportional to the (p + q)-stress at that point. This change in thick- 
ness was measured by alight interferometer. From the (p — q) and the (p + q)- 
_ stress determinations, the value of the principal stresses, p and q, can be found. 

Studies of several different shapes are reported herein and the stresses en- 
countered are discussed. The models were designed with special reference to 


Norz.—Written comments are invited for immediate publication; to ensure publication,,the last 
discussion should be submitted by January, 1939, Proceedings. 

1 Chicago, Ill. 

2‘‘Ueber Vernietungen,” von J. a Roryktttet Deutsche Bauzeitung, Architekten-Vereins zu Berlin I, 
November 29, 1867, No. 48, S 463-4 
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gusset-plates. A part of the paper is devoted to recommendations for the 
design and specification of steel gusset-plates. 


TESTS 


Tensile forces were applied to the model shown in Fig. 1 by means of steel 
pins through the bushings. A force enters through the top pin, passes down the 
upper legs into the plate and is resisted by a reaction passing through the lower 
legs to the other pin, which is held in a stationary position. As shown in the 
side view of Fig. 1, the bushings are beveled to keep the force, P, on the center 
line of the model. At all junctions of the legs and the plate small fillets were 
provided to minimize local stress concentration. The plates were each about 
0.2 in. thick, and the legs were attached to the plate for a distance of 0.75 in. 

To avoid residual stresses in the edges of the bakelite plate, the models were 
annealed and polished as rapidly as possible. They were then subjected to 
forces, P, in the path of polarized light (see Fig. 2). A theory is that polarized 
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light has its vibrations restricted to one plane, in contrast with ordinary light, 
in which light vibrations are said to be in many planes. When a beam of 


— 


ordinary light is passed through a Nicol prism the light vibrations are held to a — 


single plane, and it is then known as polarized light. If this light beam is 
passed through a second Nicol prism with its axis at right angles to the first 
prism, the beam disappears, and the field becomes dark. Since there are no 
vibrations perpendicular to one plane in a beam of interrupted polarized 
light, the second prism (termed the ‘“‘analyzer”) cannot transmit any light be- 
cause its axis is at right angles to the axis of the first Nicol prism or polarizer. 

If a polished bakelite model under stress is placed between the two prisms in 
the path of the polarized light, the second Nicol prism, or analyzer, transmits 
light between dark fringes. All the points on a particular dark fringe are of 


equal (p — q)-stress in the plate of a model. Monochromatic mercury light 


was used. : 
The change in (p — q)-stress from one fringe to another is constant for a 


given thickness of plate. This stress change between fringes is determined by 
subjecting a pilot specimen of the bakelite to known loads. 
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3.—FRINGED PHOTOGRAPHS OF PLATES OF DirreRENT SHAPES 
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Fig. 3 shows fringed photographs for plates of different shapes. The plates 
of Models Ai, Bi, and Cy’ were 3 in. wide at the mid-length; for Models D,, 
D2, and Ds, the plates were 1.25 in. wide at the mid-length. For Models A, 
B,, Cy’, Dy, Ds, and Ds, the area of the plate at mid-length was nearly equal to 
the area of the two legs. The closeness of the fringes near the ends of the plates, 
at the legs, shows the rapid transfer of stress into the plates at those points. 
The unit stress in the legs is large at this point, whereas in the ends of the plate 
at the legs the unit stress is small. The difference in the unit stress of the legs 
and the plate causes rapid stress transfer. At the mid-length of the legs, the 
bakelite in the legs is stressed to about the same value as the plate. The com- 
paratively great distance between the fringes in the plate at the mid-length of 
the legs, shows the less rapid transfer of stress at this point, Near the ends of 
the legs the unit stress is small in the legs; whereas the unit stress and unit 
deformation in the plates are large. This change in deformation accounts again 
for a rapid transfer of stress into the plate. The shear stress between the 
plate and the legs can be represented by a curve shown in Fig. 4. A smooth 
curve as indicated by the full line would be shown by a welded connection or a 
continuous connection such as exists in the models. A line of rivets would 
indicate a stepped curve as shown by the dotted lines in Fig. 4. A rivet or a 
row of rivets perpendicular to the length of the member would transfer an incre- 
ment of shear into the plate equal to the area under the corresponding step. 

If the cross-sectional area of the legs is equal to the area of the plate, the 
shear stress transfer at the end of the plate and at the ends of the legs would be 
of the same value. On the other hand if the area of the legs is less than the area 
of the plate there will be a greater transfer of stress into the plate at the end of 
the plate because of its greater stiffness, with correspondingly less transfer of 
stress at the ends of the legs, as shown in Fig. 5. If the legs were larger in area 
than the plate, the end ordinates of the curve would be reversed, as shown by 
the dotted curve. 

Boundary Stresses.—At the outside boundary of a plate, symmetrical about 
the legs (as shown by Models Ai, Bi, and Cy’, Fig. 3), the change of stress is 
less rapid than it is next to the legs. If this were not so, the (p — q)-fringes 
would extend from the sides of the legs, straight across the plate, to the bound- 
ary. The extension of the fringes, forward toward the mid-length of the plate, 
shows how stress lags at the boundaries of the plate. Corners of the plate are 
points of least accessibility of stress and the positions of zero stress. These 
corners, therefore, are good places to begin counting the fringes; each succeeding 
fringe represents a constant increase in (p — g)-stress over the preceding fringe. 

The boundaries at the mid-length of the plate are the most highly stressed. 
The stress at that point also lags considerably behind the stress in the center of 
the plate at the corresponding positions. At the mid-length of the legs in 
Model Ai, Fig. 3 (which is approximately at the quarter-point of the plate), the 
fringes are nearly perpendicular to the boundary. There is comparatively little 
transfer of stress into the plate from the legs at this point, with less disposition 
of the stress to lag ab the boundary. The same boundary stress condition is 
shown in Model Cy’, Fig. 3, at the third fringe from the top, and again less 
definitely at the third fringe from the bottom. The wide fringe on the wide 
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side of Model Cy’ at the position of the upper leg shows that the increase in area 
of the plate practically compensates for the transfer of stress from the legs, 
causing little change in (p — q)-stress in the plate at this point on the boundary. 
The third fringe from the top on the narrow side of the plate turns back. This 
is caused by the bending moment due to the eccentricity of the plate. The 
bending stress more than compensates for the tendency of the stress to lag at 
the boundary. The fourth fringe of Model Cy’ turns forward again because the 
more rapid transfer of stress from the legs near the ends causes the boundary 
stress to lag again. The same phenomena are shown in Models C,’, As, and Bs. 


Fie. 4 Fra. fis 

In order to show something about the plate corner effects, the corners on the 
left side of Model Dy, Fig. 3, were filed off for one-fourth the distance of the leg” 
for Model D». There is a more rapid change of boundary (p — q)-stress near 
the left side of the leg in the plate of Model D, thanin Model Dz. Due to greater 
resistance to stress transfer in Model D, than in Model Dz, the stress builds 
up more rapidly near the leg in Model D,; than in Model Ds. The upper left- 
hand corner of Model D, has a larger area free of stress than Model D2. Model 
D, has less continuity of stress transfer than Model Dy» in the upper left bound- 
ary. The (p — q)-stress in the right side of the gusset-plate shows almost no 
change from the removal of the corners on the left side. The upper outside 
corner of the right side of the plate is at the end of the leg, whereas the lower 
outside corner is only three-fourths the way along the leg toward its end. The 
(p — q)-fringes do not show any appreciable lack of symmetry due to this 
difference. The second fringe from the right on the right side of the plate bends 
out sharply near the boundary. This is true of the second fringe of all the 
D-models; for Model Ds, Fig. 3, the third fringe also bends out sharply at the 
boundary. The rapidly increasing area of the plate is more than sufficient to 
counteract the addition of stress from the legs at these points. It should be 
noted that the stress transfer from the legs is a minimum near the mid-length 
of the legs. 

Model D3, Fig. 3, was made by filing concave cuts in Model D2. In these 
models there is less unit shear on the right side of the legs near the end of the 
plate than on the left side of the legs, because there is less material there and, 
therefore, less resistance. The smaller unit shear causes less shear stress in the 
end rivets or ends of welds, as well as less bearing stress on the plate from the 
end rivets. Since the rivets at the end of a gusset-plate as well as their bearing 
stresses on the gusset-plate are critical, it is well to make the plate compara- 
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tively elastic by not having its surface area much larger than the end rivets 
require. 

The vertical boundaries of the plate of the D-models are almost free of stress. 
These boundaries are so far from the direct path of stress transfer that they are 
not highly stressed, in accordance with the theory of least energy. 

Interior Plate Stresses —The greatest stresses in the interior of the plate are 
always between the ends of the legs of the models. All the stress has been 
transferred into the plate in this region, and it tends to concentrate in the most 


direct path of transfer. Some of the fringes curve out, which shows the | 


tendency of the (p — q)-stress to spread over a larger part of the plate. 
The stress condition in a plate may be shown graphically by the diagrams in 
Fig. 6, that is, Fig. 6(a) represents the direct stress on a transverse section as- 
suming uniform distribution; Fig. 6(b) represents the bending stress; and, Fig. 
6(c) represents the stress that minimizes the energy in the plate. The theory 
of least energy is not satisfied by the assumption of uniform and direct bending 
stress distribution, but requires that the assumption shall be modified by stress 
similar to that shown in Fig. 6(c). Although there is ample evidence in these 
tests shown graphically by Fig. 7, plotted from readings on the section at the 
mid-length of the plate of Model A; (Fig. 3), there is no generalized theory for 
the least energy stress condition for Fig. 6(c). If the outside forces are applied 


Stress 
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somewhere near the neutral axis of the plate this added least-energy stress will 
always have the general shape of the curve in Fig. 6(c), the negative area being 
equal to the positive area. Figs. 6(d) and 6(e) will have the area of Fig. 6(a), 
because equilibrium of the free body is always maintained between external and 
internal forces. 

In nearly all the models, the fringes that pass near the ends of the legs 
change curvature. Since the largest concentration of (p — q)-stress occurs in 
the plate between the legs, this stress tends to distribute itself over a greater 
part of the plate with the resulting change of curvature of these fringes. 

With an eccentric plate such as that shown in Model C;’ the fringes denoting 
the highest (p — q)-stress shift over toward the narrower side of the plate. The 
direct stress, the bending stress due to eccentric loading, and the stress due to 
the least energy in the plate, create a maximum stress to the right of the center 
line of the legs. In Model D3, Fig. 3, there is also a slight shifting of the 
fringes of highest value to the right of the center line of the legs. On the right 
side of this model there is less plate in the gusset corners than on the left side of 
the legs; therefore, the maximum stress shifts again slightly to the right. 


‘ 
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In Model C;’ the almost horizontal fringes on the narrow side of the plate 
show that the bending stress due to eccentric loading is approximately equal to 
the decrease in least energy stress there. The principal stress, g, is not large 
except in the mid-length of the plate; even there it is considerably less than the 
p stress, as will be shown under the heading, ‘Discussion of Curves.” 


DIscUSssION OF CURVES 


In addition to knowing something of the (p — q)-stress distribution from 
the photo-elastic photographs of the models, it was desirable to know some- 
thing also about stress distribution in gusset-plates from the plotting of stress 
curves. 

Graphs of (p — q)-stress and (p + q)-stress along the sides of the legs of 
Model A; are shown in Fig. 8. The (p — q)-stress difference between fringes 
84.6 
0.18 
be the stress difference between fringes in case the bakelite were 1 in, thick. 
This constant divided by the thickness of the plate used in Model A, gives the 
value of (p — q)-stress difference between fringes. The positions of the 
(p — q)-fringes together with their successive values were plotted for Model 
A; in Fig. 8. 


was found by experiment to be = 470 lb per sq in.; 84.6 |b per sq in. would 


2000 
P= ae er, alues of (p—q)-Stress 
4-— case 

= 1500 Ze 
= — P=2095 fi 
~ 1000 DOT 2 AER Esra 
‘ es ome : 
a 
> 500 eee on { 
log 
”n 
Se ee aad 1-12 1-13 1-14 1-15 1-16 1ea7mpeis 1-19 1-20 1-20A 
“ 8 g 2 
S ct 
mo] co) 
3 5 
ce 3 

wo 
© cs) 
= 3 
a SOBRE 
: ae, 
= 4 ie é I 
S aS ° P= 1285 Lb as 


1-21 1-22 1-23 1-24 1-25 1-26 1-27 1-28 1-29 1-30 1-31 
Fie. 8.—(p — g) AND (p + Q) Srress Curves, Mopup A1 


The (p+ q)-curves were plotted from values obtained by measuring the 
- lateral contraction of the stressed plates at various points along the legs. The 
lateral contraction or expansion at a point of the stressed plates is proportional 
to the (p+ q)-stress at that point. This lateral change in thickness of the 
bakelite plate was measured by a light interferometer,’ and the resulting stresses 


3‘*An Application of the Interferometer Strain Gage to Photoelasticity,’’ by R. W. Vose, Jun. Am. 
Soe. C. E., Journal of Applied Mechanics, September, 1935, pp. A 99-102. 
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/ 
were plotted as shown. The (p+ q)-curves and the (p — q)-curves nearly 
agree except at the mid-length of the plate, which indicates that there is little 
g-stress except at the mid-length of the plate. Since there is a large concentra- 
tion of stress directly between the ends of the legs, an appreciable q-stress arises 
in the effort to distribute the stress over a larger part of the plate. The 
difference in ordinates between the (p + q)-stress and the (p — q)-stress curves 
for a particular load, divided by 2, gives the q-stress for a particular point. The 
addition of the ordinates, divided by 2, gives the p-stress at a particular point. 
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The steepness of the curves at the ends of the plate shows the rapid building 
BS of a stress in the plate at that point. The curves tend to flatten out near 
the mid-length of the legs, and from there on the (p — q)- i i 
at the ends of the legs. 0. ee 

The secondary humps in Fig. 9 for Model B i 

, sat Point 9Z are due to the st 

(particularly the q-stress) tending to distribute itself over a greater part of he 
plate. There is considerable q principal stress between the ends of the legs in 
the plate; its tendency to spread over a greater part of the plate depresses the 
(p ae q)-curves. No increment of (p + q)-stress is added in proceeding from 
Point 9Z to Point 8L in Model Bs. The same phenomenon of (p + q)-stress 
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distribution is shown also between Points 5L and 6L in the tendency of the 
(p + q)-curves to flatten out. y. 

Sets of curves for (p — q)-stress and (p+ q)-stress were plotted for the 
outer boundaries, with practical agreement. Since there is only one principal 
stress along these boundaries—the p-stress—the two corresponding curves for a 
particular model should agree. It was impossible to place the points of contact 
of the light interferometer exactly on the boundary. The contact points had to 
be moved in y¢ in. to prevent them from slipping off the model. This ac- 
counted for a slight difference in a comparison of a (p+ q)-curve with a 
(p — q)-curve, which latter curve was plotted from fringe readings on the 
boundary. Since, for the most part, the p-stress has been the dominating 
stress, its direction is approximately parallel to the length of the model for most 
of the plate. The directions of principal stresses obtained from isoclinics, 
therefore, are not of great consequence for these tests. 


THEORETICAL CONSIDERATION OF SYMMETRICAL GussET-PLATES 


Many attempts have been made to find the theoretical stress distribution in 
symmetrical, riveted, gusset-plates, notably by the German and British in- 
vestigators. Of these, one of the most recent and probably the most successful 
is C. Batho,4 who assumes a uniform distribution of stress across the sections of 
the plates. This assumption may be in error as much as 20%, but the error of 
strain energy due to this uneven distribution is only a fraction of 1 per cent. 
Batho set up an equation for the energy in the entire symmetrical joint which 
adds the energy in the plate to that of the connecting members at the plate, and 
the energy in the rivets. The force on each rivet or row of rivets, perpendicular 
to the length of the member, is taken asunknown. Derivatives are taken of the 
resulting equation with respect to each variable force. To make the energy in 
the joint a minimum, these derived equations are equated equal to zero, and 
solved simultaneously for the forces at each rivet or row of rivets. 

In order to verify the application of this theory to a practical case, the 
writer found some stress measurements between the rivets of a joint (see Fig. 10) 
which were made by C. Findeisen.* The full lines in the diagrams were plotted 
from Findeisen’s measurements; the dotted graphs were plotted from results 
obtained by the application of Batho’s theory by the writer to the joint tested 
by Findeisen. A fairly close agreement between the practical measurements 
and theoretical results is shown. 

In a further effort to verify available theory for a symmetrical welded joint, 
an application of the formula for the distribution of shearing stresses in welded 
connections introduced by W. Hovgaard,® was made by the writer to the sym- 
metrical bakelite model, 4:1. Hovgaard’s theory is based upon the principle of 
least energy, as is the theory of Batho for symmetrical riveted joints. Instead 
of deriving the work equation with respect to each force, X,, on each row of 


4‘‘Riveted and Bolted Connections,” by C. Batho, First Rept. of Steel Structures Research Committee, 


pp. 114-127. : 
5‘*Versuche tiber die Beanspruchung in den Laschen eines gestossenen_Flacheisens bei Verwendung 
zylindrischen Bolzen,” von C. Findeisen, Verein deutscher Ingenieure, Forschungsarbeiten, Heft 229, 
Berlin, Germany. : : . : - 
6‘*A§ New Theory of the Distribution of Shearing Stresses in Riveted and Welded Connections,” by 
W. Hovgaard, Transactions, Inst. of Naval Archts., March 26, 1931, pp. 108-126. 
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rivets, and equating the derivatives equal to zero for a solution of least energy 
as Batho has done, Hovgaard writes an equation for the energy in the connection 
as a function of the shear stress at any point, X, of a welded connection of the 
member to the plate. The equation is minimized by variational calculus, and 
the solution of the differential equation obtained. The constants in the equa- 
tion can be evaluated for a particular practical problem. 


on 


MODEL A, 
13 


From Theory BS: 


Fig. 11.—Hoveaarp’s Tuzory Aprriep To Mopren Ai 


The results of Hovgaard’s theory applied to Model A, are shown on the 
plotted graphs of Fig. 11. The full lines show the stresses along the legs in the 
plate of the model; the stresses from the equation applied to the model are 
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shown by the dotted lines. From the ends of the plate for three-fourths of the 
distance along the legs, the curves agree very closely. Over this distance in 
the plate, one principal stress is much greater than the other principal stress. 
In fact, the smaller principal stress can be practically disregarded for this 
distance. The resultant stress is nearly equal to pure tension in the plate. 
From the three-quarter point to the ends of the legs, the experimental curve 
leaves the theoretical curve for two reasons: (1) The smaller principal stress 
shown by experiment in Fig. 8 becomes greater, which indicates that the 
larger principal stress does not correspond to the exact tensile stress in the plate; 
and (2) there is a large increment of stress that extends from the end of the leg 
almost directly to the end of the other leg through the plate. Undoubtedly, the 
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second is the most important reason for the deviation of the experimental curve 
from the theoretical. Path b-b-b shown in Fig. 12 is shorter and more direct 
than Path a—a-a; therefore, a definite increment of stress transfer takes place 
from the end of one leg directly to the end of the other leg. This increment 
relieves the transfer of stress from the side of the leg near the end, which is 
clearly shown by the deviation of the experimental curve from the theoretical 
one in Fig. 11. 


RECOMMENDATIONS FOR THE SPECIFICATIONS AND DersiGN or STEEL 
GUSSET-PLATES 


There is a definite trend to-day toward the construction of larger steel struc- 
tures with correspondingly larger gusset-plates. Sometimes, welds instead of 
rivets are used, but welds have not yet demonstrated completely that they are 
as reliable as rivets. Since the specification and design of gusset-plates have 
been the result largely of experience, general practise, and intuition on the part 
of the designer, an effort will be made to clarify and to extend the application of 
these known principles, as well as to add others based on the results of recent 
research. 

A generalized stress solution for gusset-plates has not been found. In its 
present stage of development the Airy stress function does not offer much 
hope for the stress solution of gusset-plates. Likewise, there is no generalized 
stress solution about the phenomena of fatigue. Solutions for stress in sym- 
metrical gusset-plates have been found both for riveted and for welded con- 
nections. The solution for symmetrical, riveted gusset-plates was found by 
Batho! whose solution is based on the principle of least energy, as is also that 
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of Hovgaard® for symmetrical, riveted, and welded plates. The writer applied 
Batho’s method to Findeisen’s strain measurements on a symmetrical riveted 
plate connection; the writer also applied Hovgaard’s method to the symmetrical 
bakelite model, Ai. The stress observations on bakelite models have been 
discussed in a previous part of this paper. The discussion will be broadened, 
however, to include considerations based upon general practice and present 
manufacturing procedure in order to give a more complete view of the art. 

General Practice—For small structures, gusset-plates can be designed and 
specified without great difficulty provided there is no reversal of stress. The 
rivet groups can be made comparatively short in the direction of the length of the 
member. Since there is less chance for distortion of the material, a shorter 
group allows a better distribution of stress between rivets. In small structures 
one or two gusset-plates are commonly used for each joint; but for larger ones, 
four or even more gusset-plates are necessary. The late J. A. L. Waddell,’ 
Hon. M. Am. Soc. C. E., has recommended that there be as few cuts as possible 
in the plates, and that it is desirable to line up the gussets for appearance. For 
light gussets not subject to reversal of stress, they may be subordinated, with- 
out harm, to the appearance of the trusses and to fabrication economy; but for 
large and heavy structures the gusset-plates may well influence and even 
dominate some of the decisions as to the design and fabrication of the truss. 

Long and narrow gusset-plates nearly always are computed, by elementary 
mechanics, more highly stressed than those with approximately equal axes. A 
long and narrow gusset-plate with diagonal members will have considerable ec- 
centricity about the neutral axis of the gusset at some of its sections. Such con- 
nections are usually longer and less desirable than connections of diagonal web 
members with steeper slopes to the chord members. Long connections have a 
greater disproportion of stress among the rivets, with more low stressed rivets 
in the mid-length of the connections. An ideal gusset approaches a circle in 
shape, or a polygon of approximately equal axes, with all the forces intersecting 
at or near its center. A gusset-plate of such shape, due to its maximum width 
at the center, does not have great bending stresses. Furthermore, the longer 
section at the center allows the principle of least energy at the often critical 
center section of the gusset to function over a greater distance, with less stress 
concentration between the ends of the members (see Fig. 3). The shorter and 
wider rivet groups with respect to the length of the member tend to cover a 
larger rather than a smaller .part of the gusset-plate, which implies that the 
gusset should be of no greater area than necessary. Gusset-plates with com- 
paratively large unriveted areas increase the discontinuity which the joint 
represents. 

The rivets should be of no greater spacing in a member connection than good 
design permits because the variation in stress from one rivet to the other will 
be less for the smaller spacing. 

The cross-sectional area of the gusset where the member connects to it 
should tend to approach the area of the member at that point, and should not 
be (as is often the case) of much greater area. The plate shown in Fig. 13 
should follow a line, a-a-a, rather than a line, b-a-b. The ideal of uniform 


7“Bridge Engineering,” by J. A. L. Waddell, 1925, pp. 518-525. 


November, 1938 STEEL GUSSET-PLATES 1841 


stress transfer among the rivets can never be realized. The end rivets will 
always be the most highly stressed ones, as shown by the graphs of Fig. 10. 
The rapid building up of the stress in the plate, at the end of the plate, and at 
the ends of the legs of the models, is shown in Fig. 3. The stress difference 
between the end rivets and the intermediate ones can be reduced by making 
the rivet groups as short as practicable. 

Manufacture—Gusset-plates should be manufactured with great care. 
This is especially true of the larger and larger gusset-plates that are continually 
being demanded. They should be made as nearly plane as possible with 
subsequent care in shipping and handling to insure the plane condition. Plates 
as thick as 1 in. cannot be placed in close contact even with rivets as large as 
1g in. in diameter. Furthermore, even 0.75-in. plates cannot be fabricated 
under present practical conditions to insure contact everywhere. Some of the 
1-in. plates in experiments reported by J. Montgomerie® were subjected to 

special care in fabrication. Since they were pressed together with high hy- 
draulic pressure, the value of friction which they were able to develop was raised 
materially. Plates fabricated in the ordinary manner had a resistance to slip 
of 9 tons per sq in. of rivet area for thicknesses from 0.40 in. to 0.60 in.; 6.6 
tons per sq in. for plates 0.75 in. thick; and, 4.3 tons per sq in. for plates 1 in. 
thick. After subjecting the 1-in. plates to hydraulic pressure and re-riveting 
them, the resistance to slip was raised from 4.3 to 7 tons per sq in. of rivet area. 
These experiments show the importance of avoiding the use of plates with 
contact surfaces that are not planes. 

Painted or oiled plates are less resistant to slip than those with no foreign 
substance added. Better resistance to slip is provided in these cases when the 
line of stress transfer is perpendicular to the direction of rolling, rather than 
parallel to it. A well-driven rivet in single shear should provide a resistance 
to slip of 835% to 40% of the value of the tension in the rivet shank. This 
tensile value should equal the product of the area of the rivet by the stress of 
the rivet material at the elastic limit. Rivets driven at the temperature of 
about cherry red color, with a minimum clearance at the beginning of driving, 
provide the best resistance to slip. Lower temperatures in driving prevent 
excessive heating of the plates, which causes brittleness in some carbon steels 
and more especially in alloy steels. Alloy steels are usually specified with 
higher unit stresses, and have less resistance to slip than ordinary steels. Large 
slip resistance takes much load from the rivet hole-wall where fracture often 
occurs. 

Careful fabrication and handling of the parts will add definite strength to 
the connection. The edges and faces of the plate should be free of notches and 
scratches where failure can begin. Plates of ordinary thickness, or thinner than 
0.75 in., can be sub-punched and reamed, while plates more than 0.75 in. thick 
should be drilled and reamed. The reamer® should be heavy enough and of 
sufficient velocity to hold it in its true course. All burrs and bits of steel should 
be removed with care, and the holes at the pre-set end of the rivet should be 
counter-sunk nearly 7g in., in order to help the flow of the molten metal of the 


8 Transactions, Inst. of Naval Archts., Vol. 65 (March 23, 1923), pp. 179-197, London, England. 
8 “Contribution & l’étude expérimental du Rivetage,” par Paul Dugué, Bordeaux, France, 1927. 
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rivet around this shoulder of the hole-wall. In the fabrication of parts, im- 
properly matched holes are not justified. ; 

If an important gusset connection can be specified with plates of ordinary 
thickness and rivets of usual size, it is best to do so. The men who do the 
mechanical work are able to fabricate the materials of customary size with 
greater skill and achieve better results. Furthermore, most of the tools for 
fabrication of the parts are designed for average steel sections and rivets. Ge 
exceptional steel sections and rivets are specified, increments of improvement 
from skilled craftsmanship may be more difficult if not impossible to obtain. 

Stresses.—The stresses in a plate with a re-entrant corner such as Point A, 
Fig. 14, are always greater than the elastic limit even with small forces acting 
on the gusset. Sufficient material at Point A changes into the plastic state 
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to provide a means of stress transfer around the re-entrant corner. If there 
happens to be reversal of stress, failure occurs at relatively low forces. From 
the standpoint of excessive stress, gusset-plates with re-entrant cuts should 
never be specified. If the highly undesirable, and seldom specified, case of a 
gusset-plate with a re-entrant corner is encountered, a fillet in the plate at the 
re-entrant corner, with as large a radius as practicable, will facilitate the stress 
transfer. It is nearly always possible to avoid gusset-plates with re-entrant 
corners, but the discontinuities in stress transfer at the rivets in gusset-plates 
cannot be avoided. 

Since the end rivets of a riveted connection are always the most highly 
stressed, it is of interest to consider their general method of stress transfer. If 
the section of the connecting member, carrying pure tension or compression, is 
equal to the section of the gusset, the percentage of total force taken by the end 
rivets varies in a manner similar to that shown in Fig. 10. If there are two 
rivets in a line the end rivets will take 50% of the forces. This percentage 
decreases to 36.6% for five rivets in a line.“ From there on, for any addition 
to the number of rivets, the percentage of total force carried by the end rivet 


remains at about 36 per cent. Batho’s data show that for the case in which the 

a 
10‘‘Stress Distribution in a Re-entrant C ae Feel i 

ALS. MB 1038 Valse son rant Corner,” by J. H. A. Brahtz, A. P. M. 55-6, Transactions, 


u‘*Riveted and Bolted Connections,” by C. Bat i 
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connecting member and the gusset-plate are equal in cross-section ar ea, the end 
rivets cannot take less than 36% of the force on the member when the stress on 
them remains within the elastic limit. If there is no reversal, stressing the 
rivets beyond the elastic limit is of little consequence. 

When reversal occurs, and each stress passes beyond the slip-resistance 
capacity of the end rivets, the ultimate strength of the connection is greatly 
reduced. In the design of a riveted connection for reversal of str ess, one of the 
stresses should be kept well within the frictional capacity of the rivets with 
special reference to the end rivets, to prevent the backward and forward motion 
in the rivet holes with resultant deterioration of the connection. The cooling 
of the rivet and the hole-wall after driving causes a lack of tightness, which can 
never be avoided with heated rivets. 

It may be possible to design an important connection with rivets in double 
shear. This procedure will double the slip capacity of the rivets as well as the 
shear per rivet, and might justify the additional expense in the shop and in the 
field. This recommendation is given added weight by the fact that at a point 
on the surface of the plate into which the stress is transferred in single shear, the 
stress in the plate is twice the average across the section of the plate, with the 
stress on the far surface decreasing practically to zero. In order to keep one 
reversible stress within the friction capacity of the joint, it may be well to 
re-proportion the joint or even the structure. 

Even for members without reversals, there should be as many end rivets in 
the connection of a member as possible; or, in other words, the number of lines 
parallel to the length of the member should be a practical maximum. The 
number of these lines may be increased by welding comparatively long lug 
angles to the sides of the member, thus adding two or even four lines of rivets 
to the connection. Since a welded connection is much stiffer than a riveted 
one, the objection to lug angles is largely overcome. No alternate rivets in the 
end rows of the connection should be omitted. W. M. Wilson, M. Am. Soc. 
C. E., with Messrs. J. Mather and C. O. Harris, reports” that the section of a 
tensile connection is not weakened nearly as much by specifying solid end rows 
of rivets as is generally believed; or, conversely, the section of the member is 
strengthened only a few per cent by omitting alternate rivets of the end rows. 

The decrease in the number of rows shortens the length of the gusset-plate, 
and thus limits the discontinuity that it represents. Smaller gussets also 
increase the clear length between joints as shown by Fig. 15(a). Moments M, 
and M, are from secondary effects. When’ becomes greater Moments M, and 
M, become less as a result of the greater slenderness ratio of the member. 
A. Ostenfeld" states that the moments in the members at the gussets as shown 


: , Nah 
in Fig. 15(b) have been increased in the ratio, jr over what they would have 
been if the member had been free to bend through the entire distance, 1. This 
factor, a is sometimes termed the gusset factor. In so far as the secondary 


stresses in a member are concerned, it is important to keep this factor as near 


; 
12*Tests of Joints in Wide Plates,” Bulletin No. 239, Univ. of Illinois, Urbana, Hil. 
13 **Teknisk Statik,’’ A. Ostenfeld, II, p. 401, 1925. 
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unity as possible. From research by K. Havemann" the length, I’, was found 
to extend somewhat into the gusset-plates, and he gives the formulas (see Fig. 16): 


and, 
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in which a = distance from the old origin to the new X-axis, or the distance 
from the intersection of members to the end of the gusset; y = y-ordinate from 
the new X-axis, or the distance into the gusset from its end for l’; Ig = effective 
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moment of inertia of the gusset-plate; Ja = moment of inertia of the member; 
and, b’ = a—y. Theend of the gusset denotes the end of the welds or the end 
row of rivets. Fig. 17 shows a gusset connection with distances, a, b’, and l’ of 
Havemann’s formula. 

Smaller gussets and lighter sections in the members of the trusses resulted 
from the multiplication of trusses in the bascule span of the Link Bridge recently 
completed on the Outer Drive in Chicago, Ill. The greater number of trusses 
with smaller gussets brought about greater lengths, l’, between the gussets for 
secondary bending in the members (see Fig. 15). The lighter sections also 


: (BS oe : ; ; 
increased the : ratios of the members, with a corresponding decrease in 


secondary bending of the members at the gussets. The smaller gussets in area 
and section with their smaller rivet groups are better in this bridge than the 
larger gussets of heavier, fewer trusses would have been. 

The secondary moments in the members at the gusset-plates are usually not 
large enough to be of great importance in the gusset-plate stresses, but with the 
shortening of the rivet groups the stresses in the end rivets due to these moments 
should be investigated. The shorter lever arms of the end rivets about the 
center of gravity of a shorter rivet group increase the load on the end rivets for 
a given moment. These end rivets are already the most highly loaded ones 
from the direct stress in the member. On a section of the plate that does not 
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cut any of the members, the bending stress can be found roughly by the usual 
theory of flexure. This case is seldom met in practice, and may not occur at 
the critical section. Many gussets have been designed by cutting sections and 
examining the direct stress, moment, and shear, considering the rivets as uni- 
formly stressed. The bending moment by this method is found by multiplying 
the forces of the members by their distances from the neutral axis of the section. 
This moment, divided by the section modulus of the plate at the section, and 
multiplied by the secant? of the angle made by the edge of the plate with the 
normal to the section, gives an estimation of the stress from bending, at the 
edge of the plate. This procedure does not consider the non-uniform stresses 
in the rivets of connections as shown in Fig. 10, or the minimizing stress function 
shown graphically in Fig. 6(c). 

The model stress data all show the non-uniform stress transfer into the plates 
along the legs of the models, with the greatest shearing stress transfer at the 
ends of the plates and the ends of the legs. Fig. 3 also shows the tendency for 
concentration of stress in the direct path between the model legs from the 
principle of least energy. The highest (p — q)-fringes shift toward the narrow 
side of the plate in the unsymmetrical plates, or in the case of Model D3; toward 
the side of the plate with least area. If the unsupported edge of a steel gusset- 
plate is stressed in compression, the edge will buckle before failure, throwing 
more moment and direct stress into the interior of the plate. Parts of the 
gusset-plate in direct line between members should be designed with the object 
of providing for all these additional stress increments. The connections of the 
members to the plate should be made wide, with as many lines of rivets for a 
riveted connection as practicable. 
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ESTABLISHING A SYSTEM OF RECTANGULAR 
CO-ORDINATES 


By ELMER C. HOUDLETTE,! ESQ. 


SYNOPSIS 


The story of the Massachusetts Geodetic Survey is that of the matching of 
two needs with one opportunity. This is not in its generality so very different 
from the ideal that underlies, in theory, the pattern of all projects to which the 
Federal Government lent support. Within the province of engineering there 
are certain special areas of knowledge in which advance has been halted and is 
awaiting some outside form of impulse. Endowed research may approach 
them, or a governmental agency, acting in the general interest, may sometimes 
undertake them; but in the main, they are not employment producing under 
ordinary conditions. 

The Commonwealth of Massachusetts felt that there was a great need for a 
State-wide local control survey and sought to link it to a confronting human 
need. 

Control surveys are necessary prerequisites to highway planning, Land 
Court surveys, map-making, flood control, water supply, sewage disposal, and 
perpetuation of private and public boundaries. They insure the accuracy of 
measurements incident to such projects, reduce the cost of maintaining the 
required degree of accuracy and provide means for co-ordinating adjacent 
projects executed concurrently or at different times. 

Faithful use of the fixed points established by the Massachusetts Geodetic 
Survey will eliminate, for all time, the multiplicity of origins, the over-supply of 
level datum planes, and the stupendous economic loss of thousands of uncon- 
trolled surveys. 


INTRODUCTION 


The representation of the face of Massachusetts, like the photography and 
portraiture of the face of Man, has undergone, in the course of the decades, 
certain easily discernible changes. Due partly to a growing naturalistic sense, 
partly to improved means of reproduction, it has all been in the direction of a 
more faithful copy. The story of these changes is one of gradual lifting of that 
face from its vague and indistinct contours to the more evenly defined surface 
recognized to-day. 

The practice of accurate, up-to-the-minute map-making, courted by, and 
even indissolubly married to, highways, railroads, regional promotional 
* oe Civ. Engr., Mass. Dept. of Public Works; Director, Mass. Geodetic Survey, WPA, Boston, 
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enterprises, and travel bureaus—as well as sponsored by its traditional guardi- 
ans, the Federal, State, and local governments—is subordinate to and conse- 
quent upon extended travel, broadened communications, and increased land 
use. As such the demands upon map construction through the years have been 
conditioned upon the size of those developments and the growth of the science of 
cartography itself. Its rise has been slow, steady, and rewarding. 

This is no less true of Massachusetts than of other regions. Thus, in 1829, 
the necessary preliminary step was taken by the Massachusetts House of 
Representatives, which then adopted an order appointing a committee “to 
consider the expediency of determining a map or maps of this Commonwealth as 
the public exigency requires and report thereon to the next session of the 
Legislature.” Thus, having presumably established the necessity for such a 
map, the Legislature, on March 1, 1830, passed a resolve directing each city, 
town, and district to make a plan of its territory on a scale of 100 rods to an 
inch and to file such plan with the Secretary of the State before June 1, 1830. 

Likewise, as a co-ordinating effort in the same direction, on March 30 of the 
same year, the Legislature directed the Governor to appoint a surveyor to 
make a skeleton map of the State, the intention being to use this survey as a 
basis for plotting the information furnished by the various towns. Accordingly, 
two months later, Robert Treat Paine, of Boston, Mass., was appointed as Chief 
Engineer, and James Stevens, of Newport, R. I., as an Assistant; Mr. Stevens 
undertook the triangulation and Mr. Paine the astronomical work necessary to 
determine the latitude and longitude of many points in the State. Simeon D. 
Borden, a mechanic employed by the Pocasset Manufacturing Company, of 
_Fall River, Mass., designed and constructed a base-line measuring apparatus. 
He was persuaded to resign his position and undertake the measurement of a 
base line in Massachusetts. This line, 39 009.73 ft long, was laid out on the 
plain west of the Connecticut River in the Towns of Hatfield, Whately, and 
Deerfield. From it was developed a network of triangulation containing about 
550 stations and these data were used to provide an outline map of the State, 
plotted on a polyconic projection and divided into five sections. In each 
section a central meridian was determined and from it rectangular co-ordinates 
were computed. 

All town maps were reduced to a common scale and an attempt was made to 
co-ordinate them, along with the State lines and triangulation points, into a 
skeleton map that would use all data available at the time. In 1841, the map 
was completed and engraved in six plates; it was largely a one-man affair in its 
later stages by virtue of Mr. Borden’s own re-surveying and fudging. In the 
end this map proved to be too thickly garbed with inaccuracies and mis-scalings 
to serve the increasing demands. 

Beginning in 1844, the United States Coast Survey measured a base line 
along the railroad tangent of the Boston and Providence Railroad, running 
through the Towns of Attleboro and Mansfield and ending in the southeastern 
part of Foxboro. Upon this base line (10.75 miles long) there was developed a 
net of first-order triangulation as part of the general system of the eastern 
oblique arc, extending from the Epping Base, in Maine, through this Massa- 

chusetts Base, and thence to the Fire Island Base, in New York State. The 
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precise stations of the Borden survey were included and adjusted as part of this 
general plan. 

Under Chapter 72 of the Acts of 1884, the Massachusetts Legislature 
established the Massachusetts Topographical Survey Commission, consisting of 
three members. This body was delegated to co-operate with the U. 8. Coast 
Survey in completing the necessary control for the preparation of a contour 
topographical survey and map of the Commonwealth. Later, under the Acts 
of 1888, Chapter 336, the duties of this Commission were broadened to provide 
for defining and preserving town boundary lines. 

During the period, 1898-1900, the Topographical Survey Commission 
completed its assignment and published forty-two atlases for as many cities and 


towns in the eastern part of the State. With this task completed the Com- ~ 


mission was dissolved and its duties transferred to the Harbor and Land 
Commission, which, in an effort to complete the assignment at cheaper cost, 
combined adjacent towns in one atlas. 

By the end of 1912 all the atlases had been published for all the cities and 
towns east of the Connecticut River. During the period, 1913-1915, the atlases 
of the section west of the Connecticut River to the New York State line were 
published, 

NEED OF CONTROL 

However, in spite of the realization of this long-brewing task, the job, so to 
speak, was just beginning... Every one was still ‘in the dark” as to the exact 
location of a piece of property. True, there were maps showing every city and 
town in the State; true, by virtue of these maps, progress along the road of 
charting the State had been furthered; but people were still floundering in 
uncertainty. 


They were still using assessors’ maps based upon low standards of control — 


and loose adjustment. The data for such maps had been acquired by closed 
traverses, supplemented by disconnected traverses, into which were fitted old 
surveys as described in deeds. These descriptions were rarely confirmed by a 
map, and no check had been made of the area said to be included by the bounds 


_ 


as given. Many towns still had failed to set the widths of their most important — 


thoroughfares, thus creating a state of confusion for abutting owners who 
desired to make improvements on their land. 

Engineers still were using about twenty-five or thirty different datum planes 
for level work throughout the State. Suggestive of the diversity that has 
existed is the variety of the following specimens: Mean low water at Boston 
Harbor; mean low water at Commonwealth Pier; Boston low-water datum; and 
mean tide level, Boston City Base, and Metropolitan Water-Works Base. In 

addition, there are many others. 
: The economic loss of thousands of uncontrolled transit surveys of all kinds 
was running into millions of dollars for the State as a whole. Such surveys were 


based on an unlimited assortment of assumed, magnetic, or true meridians. — 


Plane co-ordinates, if used at all, were referred to an equally unlimited number 
of origins without regard of their geodetic positions. Levels were based on 


every conceivable kind of assumed datum plane. It all represented a mass of _ 


the wildest confusion. 
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VALUE OF ConTROL 


How much more practicable and scientific, indeed, is a system of uniform and 
universal measurements used by and serving one and all communities of the 
State? There is a “hoary-haired truth” that runs to this effect, “You may get 
out of something what you put into it.” This is particularly true of the earth. 
As the yield of a spring’s plowing and sowing, and of a summer’s care, pro- 
tection, and re-plowing, is a fall crop paying triple or more the effort that went 
into it, so the yield of properly manipulated land control is a saving in money, 
time, and labor. Not only is this true, but it is also a fact that data gathered 
from controlled surveys afford a distinct advantage to those who come after. 

Engineers are familiar with the advantages of geodetic co-ordination and 
through them all surveys are made permanent and indestructible, and are 
incorporated into one uniform system in which every survey is properly placed 
and related to all others. A controlled survey, being permanently fixed, may be 

drawn upon at any future time for many other purposes aside from that for 
which it was originally intended. 

The first effort to place elevations in Massachusetts on a mean sea-level 
datum by means of spirit-leveling, was made under the auspices of the Massa- 
chusetts Topographical Commission in 1893. The late C. H. Van Orden, 
M. Am. Soc. C. E., an officer of the U. 8. Coast and Geodetic Survey, was 
engaged to extend a line of precise levels from Boston, westward across Massa- 
chusetts into New York State, to a connection with the precise leveling which 
had been previously run along the east side of the Hudson River. His data,? 
published in 1894, included a detailed statement concerning instrumental 
equipment and field methods. In 1923 and 1927, several lines of precise levels 
were run by the U.S. Coast and Geodetic Survey in Massachusetts and, finally, 
in 1933, this organization re-ran the Van Orden line from Springfield, Mass., to 
Albany, N. Y. 

In November, 1929, finally persuaded as to the importance of a mean sea- 
level datum for all surveys, the State Department of Public Works authorized 
the purchase of a precise level and two invar-faced rods. This marked a major 
and propitious development in the slow progress that was being made toward 

- the adoption of mean sea-level datum for the Commonwealth as a unit. 

Previous to the adoption of the Lambert projection, the increasing use by 
the Department of Public Works of the twelve Land Court systems of co- 
ordinates developed a need for simplification. Through conferences and co- 
operation between the Land Court and the Department of Public Works, on 
April 1, 1933, geodetic control was established on eight co-ordinate systems, six 
of which remained as before, while two systems replaced four and two were 
discontinued. As the need for trunk-line highways passing through many 
towns and counties increased, the use of eight origins became more or less 
complicated in that equations of co-ordinates and azimuths had to be applied 
every time a survey passed from one zone to another. This confusing situation 
has been clarified and difficulties incident to practical application have been 
greatly simplified by local control, with ample bench-marks, upon one standard 


basis. 
2 Rept., Commrs. of the Topographical Survey of Massachusetts, 1894. 
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PROJECTION SYSTEMS 


Two methods of projection offer themselves for selection, the choice 
depending on the geographic figure of the State. A State with a narrow east- 
west width can be completely shown on a transverse Mercator projection, while 
another State with a narrow north-south width can be completely shown on a 
Lambert projection. 

In the transverse Mercator projection, standard small circles are selected 
equi-distant from the meridian of longitude passing through the center of the 
figure. The development of the plane of projection and the transfer of ter- 
restrial points to the plane is similar to that pursued in the Lambert conformal 
conic projection, to be described subsequently. Both methods approximately 
attain preservation of angles at a small sacrifice of accuracy in scale, provided 
the representation does not go beyond the critical dimension of the projection. 
The choice of projection depends upon the relative geographic dimensions of the 
area and the error in scale to be accepted. 

Since the maximum error of closure accepted in second-order traverse is 
1: 10000, it is natural to adopt this criterion as the maximum error in scale 
acceptable for distances on the projection. Applying this criterion it is found 
that the ratio will not be exceeded on a Lambert conformal conic projection 
when the north-south distance of the area to be represented does not exceed 
158 miles. Likewise, on a transverse Mercator projection, the east-west 
dimension must also not exceed 158 miles. As the critical dimension is ex- 
ceeded, the error in scale increases rapidly. If both dimensions of the area to 
be mapped exceed the critical dimension then two or more projections will be 
required to hold the scale ratio to an acceptable limit. 

The adoption of either of these methods of projection provides a single 
system of plane co-ordinates for the entire area. After the geographic co- 
ordinates of the triangulation stations are converted to plane co-ordinates the 
computations to determine the position of all intermediate points established by 
traverse is simplified without any sacrifice in accuracy. 

Previous limitations in the form of required use of geodetic formulas and 
methods, an impracticable expense in many cases, have been eliminated since 
the formulation of the State plane co-ordinate systems by the U. 8. Coast and 
Geodetic Survey. Any engineer or surveyor in Massachusetts can now utilize 
the plane co-ordinate system of the Lambert conformal conic projection, and, 


at the same time, can conduct his work according to the standard methods of 
ordinary plane surveying. 


DirFicuLtizs IN Usine SpHertcaL Co-OrpDINATES 


As is well known the surface of the earth is not a plane but a curved and 
irregular surface. For purposes of surveying and mapping, however, an ideal 
surface is assumed which approaches very nearly the shape of the earth if the 
entire surface were composed of water. This assumed shape is not a sphere 
but an ellipsoid of revolution. 

Geodetic surveying comprises the extensive work of making observations 
and computations of positions on the surface of this assumed spheroid. It 
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becomes extremely complicated when the surveys extend over large areas. 
Also, it requires an intimate knowledge of higher mathematics and astronomy, 
and the highest degree of precision in the field observations, using the most 
elaborate and expensive field equipment. All geodetic stations on the earth are 
expressed in terms of latitude and longitude; that is, each one is referred to a 
definite place in the network of meridians and parallels that are assumed to 
cover the surface of the earth in a definite and standardized manner. 

It must be perfectly evident that geodetic surveying, although absolutely 
essential as a basis for precise control, is impracticable for use in ordinary 
survey work due to the rigorous technique and costly equipment required. 
Perhaps, for this reason, in spite of the fact that it reached a high stage of 
perfection and was taught in technical schools many years ago, engineers as a 
whole have not taken an extensive interest in the general subject, and, conse- 
quently, have not developed to the full any standard of practice which might 
enable them to utilize economically the great inherent possibilities to be found 
in the existing surveys of the U. S. Coast and Geodetic Survey. 

Within these surveys lies a wealth of data, which can be made of tremendous 
value, not only to engineers and surveyors in every field of activity, but through 
them to every corporation, commonwealth, county, municipality, property 
owner, or individual who pays for any kind of instrumental surveying. This 
value lies in the use of the monumented stations of the national triangulation 
system as starting and ending points controlling all surveys. Since these 
points are accurately located on the spheroid, and in relation to one another, 
they furnish a means of checking the work and of adjusting the errors in the 
survey. The system of plane co-ordinates permits the use of these stations for 
control purposes without involving the complicated computations otherwise 
necessary. In a word, it constitutes a mathematically sound and accurate 
method of transposing work from geodetic or spherical to plane surveying 
methods. 


Tue PLuane Co-OrpINATE SystEM AS ADOPTED FOR MASSACHUSETTS 


The Lambert projection adopted for spreading local control stations 
throughout Massachusetts is based on a geographical frame selected with 
particular reference to the shape and area of the State. The frame consists of 
two standard parallels of latitude, held true to scale, and a central meridian of 
longitude. The north-south dimension of Continental Massachusetts is 
considerably less than the critical, with consequent reduction of error in scale 
distances. 

In order that the scale ratio applied to distances at the middle of the State 
shall be equivalent, although of opposite sign, to that for the northern and 
southern boundaries, it is necessary to select the two standard parallels of 
latitude at distances from the most northerly and southerly points approxi- 
mately equal to one-sixth of the north-south dimension of the State. Conse- 
quently, the north latitudes of 41° 43’ and 42° 41’ were selected, together with 
the meridian of west longitude of 71° 30’. 

The geographic frame for the insular territory was similarly selected. The 
standard parallels of 41° 71’ and 41° 29’, together with the meridian of 7 °30’, 
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form the frame. The latter projection excellently illustrates the decrease in 
scale ratio which accompanies a decrease in the area mapped. 

The plane of projection is formed by a cone of revolution intercepting the 
earth’s surface along the two standard parallels of latitude chosen for the frame. 
The apex of the cone is on the axis of the earth projected through the North 
Pole into space. The imaginary cone of projection passes beneath the earth’s 
surface in the area between the parallels and above the earth’s surface north and 
south of that area. Approximately two-thirds of the distance between the 
extreme northerly and southerly continental points in the State lie between the 
parallels. The remainder is equally divided and lies outside. 

Distances between points on the plane between the standard parallels are 
shorter than those between the same points on the surface, while outside the 
standard parallels the reverse would hold. Only distances between points 
along the two standard parallels are true distances and, therefore, equal upon 
both the plane of projection and upon the surface of the earth. The angles 
between lines connecting points upon the plane are approximately equal to the 
angles between the lines connecting the identical points on the earth’s surface. 
This equality of angles is denoted as “conformal.” 

The U. S. Coast and Geodetic Survey selected the State projection and 
prepared the plane co-ordinate projection tables to facilitate the computations 
necessary to transfer a point on the earth’s surface, defined by geographic co- 
ordinates, to an equivalent position on the plane of projection defined by 
numerical co-ordinates developed on the single State system. The table for 
changes in latitude gives the numerical value of the radius and Y-co-ordinate on 
the plane of projection for each minute of change, together with the tabular 
difference per second for change in the Y-co-ordinate and correction for scale, 
with their respective logarithmic expressions. The table for changes in 
longitude gives the change in the divergent angle for each minute. These 
tables and an acceptable manual of logarithms, expressed to eight decimal 
places, equip the computer to convert geographic co-ordinates to plane 
co-ordinates. 

The meridian through the origin might be used as the prime meridian, but to 
reduce the mechanical labor in applying interpolations in logarithmic tables it 
will facilitate computations to select, in this case, the meridian of west longitude, 
71° 30’, just east of the central point of the State, and assign to it the X-co-. 
ordinate value of 600 000 ft, this places the origin on a meridian west of the 
most westerly limits of the State. Selecting as the other base the parallel of | 
north latitude of 41° 00’ (south of the most southerly point), places the origin 
of co-ordinates for the single State system at the intersection of these two lines. 


History oF THE MAssACHUSETTS GEODETIC SURVEY 


The organization entrusted with the task of applying the Lambert conformal 
conic projection to Massachusetts is known as the Massachusetts Geodetic 
Survey. Established in November, 1933, as the Massachusetts Local Control 
Survey, its duty was primarily to make more widely accessible to local engineers 
the advantages of the Federal triangulation net already laid in the State. In 
general, its goal was to lessen throughout the State the distances between the 
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marked points in the net by setting down intermediate points. At that time 
the spacing between marked points, approximately 25 miles apart, giving only 
125 miles from any point to a triangulation point, was too wide for effective 
localuse. The task and expense of running a 12-mile traverse or line of levels to 
the site of a project were more than burdensome for an engineer undertaking a 
small job. 
The Massachusetts Local Control Survey began its assignment with the 
running of traverse and lines of levels along highways and railroads from one 
triangulation station or bench-mark to another, with monuments set at 
intervals of about two miles en route. The accuracy of the work was to be 
such as was appropriate to the short length of line and as could reasonably be 
attained with the instruments available. The error of closure allowed for 
traverse was | : 10 000; and for levels, it was according to the formula: 


in which s is the distance, in miles. The plan of operation was as follows: 


(1) The U. 8. Coast and Geodetic Survey created a unit of its own trained 
personnel to have administrative and technical jurisdiction over the work. 

(2) It appointed an engineer as Director of the work in each State. 

(3) Through the State Director, it obtained the loan of surveying instru- 
ments, office space, drafting-tables, and other necessary equipment. : 

(4) The State Director closely supervised the surveying operations to 
assure economy and efficiency of performance and mathematical accuracy of 
results, in order that the prescribed standards of the U. S. Coast and Geodetic 
Survey might be met fully. 

(5) The Director established a central office where the results of the field 
work could be adjusted and computed as the work progressed. 


The early period of the project was attended with many of the uncertainties 
of adjustment and operation, characteristic of the emergency undertakings of 
the Government since the depression. The first limitation came in less than 
two months after operations had been begun. . With thirty parties in the field 
in January, 1934, an executive order, reporting the insufficiency of funds to 
earry on the entire CWA (Civil Works Administration) project, called for a 
reduction of the personnel from 375 to 75 workers, by February 15. Ac- 
cordingly, the field equipment was collected preparatory to tying up the 
project altogether. 

Up to this time the office work consisted chiefly in computing and plotting 
on the Lambert projection the co-ordinates of the corners and mid-points of the 
fifty-four topographical sheets of the State for the Massachusetts Land Court. 
However, on February 23, efforts to have the project personnel approved for 182 
employees were successful. Fourteen field parties and forty-one office men were 
re-hired forthwith; but in spite of this reinforcement the force was still insufh- 
cient to continue the traverse work west of the Connecticut River. This plan, 
for the time being at least, had to be abandoned. 

The next major adjustment came on April 4, 1934, when the project was 
transferred to the ERA (Emergency Relief Administration), whose original 
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approval of 177 workers was increased by August to 230. This provided 
twenty-one field parties. An order of September 24, 1934, reducing all salaries 
to a common basis of $16.80 per week, from Supervisor to Rodman, was 
rescinded within a week. 

The first few months of this re-adjustment brought along anxiety and 
disturbing jolts. The accompanying loss in personnel definitely tended to 
obstruct the program. However, the spirit was unflagging and certain ac- 
complishments stood out from the condition of disruption as indicated by the 
report for the year ending December 31, 19384: 


(1) The project had completed 585 miles of traverse, including 1 170 
monumented stations; and 343 miles of preliminary computations showed an 
error of approximately 1 : 18 400. 

(2) The project had completed 304 miles of first and second-order levels, 
including the establishment of 679 bench-marks. 


Meanwhile, by Virtue of the triangulation and projection work, the demand 
for added service was increasing. One valuable use pointed in the direction of 
improved forest fire control. It happened that up to this time the “tying-in” 
of fire towers with triangulation was not complete. The Department of 
Conservation in the fall of 1934 requested the Survey to complete the “‘tying- 
in’”’ process; likewise, in order that the Lambert projection might be used on the 
topographical sheets for the location of forest fires, it desired that the Lambert 
co-ordinates be computed for all the fire towers in the State. At about the 
same time the Massachusetts Land Court requested a computation of the 
Lambert co-ordinates for all the triangulation stations on Martha’s Vineyard 
and Nantucket, as the triangulation stations on these two islands had been 
adjusted on the 1927 North American datum. 

At the beginning of this project, the geographic positions of all the established 
triangulation stations in the State, with the exception of the seventeen precise — 
stations, were based on the North American datum. Until such time as the 
remaining triangulation stations were either re-computed or re-adjusted on the 
1927 North American datum it was necessary, for preliminary traverse compu- 
tations, to apply to each triangulation station as it was used, a correction to the 
published position to place it upon this datum. The rapid determination of the 
amount of correction to be applied to a given point was facilitated by the © 
construction of a correction chart based upon the seventeen precise stations 
furnished by the U. S. Coast and Geodetic Survey. 

These stations were plotted in correct position on an accurate map of the 
State and the amounts of the differences in latitude and longitude between the 
North American datum and the 1927 North American datum were noted. 
These points were connected by direction lines which were divided into equiva- 
lent parts representing the units of difference in latitude between the stations. 
These subdivisions established points of equal correction which could be 
connected to equivalent points on adjacent direction lines. The space between 
the connecting lines defined an area within which all stations were to receive 


equivalent correction in latitude. The distribution of the corrections in 
longitude were similarly determined. 
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Thus, the map of the State was covered with a somewhat rectangular and 
more or less regular grid, the unit subdivisions being about a mile apart in the 
east and west direction and somewhat less north and south, corresponding to 
connections to the nearest 0.001 sec in longitude and latitude. This map 
became a chart showing the amount of correction to be applied to the geo- 
graphical co-ordinates of points included between the parallels. 

Plotting the position of a point (defined by geographical co-ordinates on the 
North American datum) places it in one of the numerous grid areas. Thus, 
the corresponding amount of correction is determined and the position of the 
point is adjusted to the 1927 North American datum. 

This chart was found, by later triangulation, to give results in general only 
to the nearest foot, but it served the purpose of determining a preliminary 
adjustment of all the traverses and showed whether the work had been com- 
pleted in accordance with the specifications of second-order accuracy. Its 
main purpose, however, was to give a quick solution of control points in order 
that this information might be available to the United States Geological 
Survey in re-mapping the State. 

In 1935 the equipment and personnel of the project were strengthened to 
the extent that the original program could be more fully and thoroughly com- 
pleted and new work could be handled in its course. In January, the quota 
of employees was increased to 300, including 26 field parties. 

A further increase in personnel to a total of 8367 was made upon the transfer 
on November 1, 1935, of this project from ERA to WPA (Works Progress 
Administration) control. However, the accompanying shortening of working 
time from 35 to 24 hr per week brought about a decided slowing down of the 
work which was ever increasing in volume. Prior to January, 1936, transits 
and levels used in all field work were loans to the organization, and, in general, 
they were only in fair condition. As the transits read merely to the nearest 
minute, about 15% of the traverses had to be rejected. In time, this state of 
affairs was brought to the attention of the local officials who obligingly agreed 
to the purchase on a rental basis, of twenty-four new 20’’ and 30” transits. 
With this improvement, errors of closure approached that of first-order accuracy 
and rejections were reduced to about 5 per cent. 

Additional undertakings by the Survey call for special mention. During 
1935 it started preparing maps for each city and town in the Commonwealth, 
showing the location of all traverse and triangulation stations and bench-marks, 
such maps to be used by the localities for local control surveys within their 
limits. In October, the project was requested by the Department of Public 
Health and the various municipal water supplies to establish bench-marks, 
determine the heights of high and low water, the crest of dams and spillways, 
and establish the elevation of stand-pipes and of the ground-water level in 
driven wells on a common mean sea level basis. Such a unified survey makes it 
possible to judge whether there is a presumption that a given city or town might 
find it physically feasible to obtain additional water from a neighboring source. 

All systematic and reliable information about relative levels is certain to 
help in planning. It will be of potential assistance in times of emergency, which 
can partly be foreseen as to type but which can never be foreseen as to time or 
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detail. There is a natural community of interest between adjoining towns and 
cities because of the reciprocal assistance they might afford each other in times 
of need, when one had been better able than the other to cope with drought 
conditions. Less spectacular is the opportunity for temporary tie-in with a 
neighboring supply in the event of temporary breaks or of breakdown of the — 
servicing. A more glaring illustration is the assistance that sometimes can be 
rendered by a neighboring community in the event of large or protracted fire, 
or of suddenly threatening depletion of the ordinarily sufficient reserve be- 
cause of fire. 

During the same year (1935) requests for control were received from sixteen 
cities and towns around Boston. An additional request was received for a 
large amount of control for military purposes within the area of the newly 
established National Guard Camp at Bourne on Cape Cod. One encouraging 
feature about these requests was the marked inclination toward the adoption 
of the State co-ordinate system. By the end of that year 1 618 miles of first 
and second-order levels had been adjusted and 1 275 miles of traverse completed 
in the field with an average of error of closure of 1 : 23 100. 

The supreme test of the strength and resources of the organization and of ~ 
the fortitude of its engineers presented itself in March, 1936, when large areas 
of the State were engulfed by unprecedented conditions of flood. The Massa- 
chusetts Geodetic Survey was called upon to accept a task never before under- 
taken, namely, the collection, by specially directed and equipped eye-witnesses, 
of authentic high-water data. A plan to establish a systematic series of 
bench-marks at bridges and dams along the principal rivers in the State already 
had been partly executed. Thus, with a trained organization and a substantial 
vertical control base achieved, all was in readiness to launch the flood survey; 
and on March 18, supervisors were instructed to notify all party chiefs to pre- 
pare their men for quick action in the field, if and when the emergency arose. 

The men were to reach the flooded area over as many roads as possible, in — 
order to place the high-water marks at well distributed points along the entire 
course of streams where flooded conditions prevailed. An order was issued on 
March 19, and the full personnel of about 200 field men were thus assigned to 
placing suitable marks, recording high water at the site and at the very time it 
occurred. This work continued until the extreme flood stage had passed. 
As rapidly as the field reports were received at the Boston Office, the position of | 
each mark was plotted on the town maps and these reports were grouped and — 
dispatched to the several field supervisors for allotment to especially organized 
level parties. 

During the fall of 1936, the U. 8. Coast and Geodetic Survey asked the 
State Survey to determine the magnetic declination at about seventy stations — 
scattered over the State, from the tip of Cape Cod to the New York State line, 
including all the islands. The results of 24-hr observations made at Mt. 
Wachusett for seven consecutive days, to determine diurnal variation, were 
compared with the observations at the Observatory in Cheltenham, Md. 

In the beginning of 1937, also by request of the U. S. Coast and Geodetic 
Survey, two first-order arcs of triangulation across Massachusetts were _ 
started, together with the necessary second-order triangulation, to tie in all — 
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the completed traverses, in order that a final adjustment might be made on 
the 1927 North American datum. 

An idea of the amount of Survey work accomplished may be gained from the 
following summary, through September, 1938: 


Traverse: 
Tet AD MINGS REAM OMe fn Nee oe Ate 2 605 
Number of stations established................ 4 700 
Number of stations with preliminary co-ordinates 3 427 
Number of stations with final co-ordinates...... 1 272 
Average error of clostre:..3 0. el 1 : 35 400 
Triangulation: 
Number of stations established................ 550 
Number of first-order adjusted stations......... 55 
Number of second-order adjusted stations...... 223 
Bench-Marks: 
Extent of first-order levels, in miles............ 1 320 
Extent of second-order levels, in miles.......... 3 760 
Number of first-order bench-marks............ 1 850 
Number of second-order bench-marks.......... 8 101 
Magnetic Stations: 
Number of stations established and adjusted... . 68 
City and Town Maps: 
Number of maps completed................... 385 


PUBLICATION PROGRAM 


One interesting feature of the Survey’s work was the opportunity of 
printing its records, investigations, and standards. In June, 1935, the first 
publication of the Survey entitled ‘‘Leveling in Massachusetts” was issued. 
This volume contained the descriptions and elevations of all bench-marks, 
including those established by the U. 8. Coast and Geodetic Survey and by the 
State project, together with a history of leveling in Massachusetts, specifica- 
tions for first and second-order leveling, a discussion of the various datum 
planes, and a chart showing the relation of some of the principal datums in 
use and their relation to mean sea level. 

Fortunately, the Traffic Survey was in the same building as the Survey. As 
its work was about to be terminated in August, the Geodetic Survey fell heir 
to a complete plant with all its divisions, including reproduction equipment, 
modern multilith and mimeograph machines, photostatic and reproducing 
cameras, dark room, and plate-making equipment. 

Immediately the publication of a second volume entitled “(Computations of 
Spherical and Grid Coordinates with Tables’’ was undertaken. This book 
contained instructions for solving geodetic positions, a description of the 
Lambert projection, and directions for computing co-ordinates, together 
with tables. 

During the year, a request was received from the U. 8. Geological Survey to 
undertake as. part of the survey work in this State, the determination of the 
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elevations above mean sea level datum, of the reference marks at the forty-two 
stream-gaging stations. In 1937, a report was issued entitled ‘Stream Gaging 
Stations in Massachusetts.” This report contained notes on equipment and 
operation of stream-gaging stations, and stream-flow data as compiled by the 
U. 8. Geological Survey, together with the descriptions and elevations of the 
reference marks at each of the forty-two stations. 

Information gathered out of the flood-control activities formed one of several 
very significant books published by the project during 1936, “High Water 
Data: Flood of March 1936.” This is a tome of about 350 pages, based upon 
about 1 400 observed points which required about 800 miles of levels to deter- 
mine the elevations. 

An April, 1936, release by the project was a 46-page, very readable book, 
entitled “Status of Land Surveying in Eastern Massachusetts.” Another 
volume, “Technical Procedure for Geodetic Surveys,” released the following 
month offered a manual of instruction in instrument operation, methods of 
procedure, and recording of data necessary for standard triangulation, traverse 
and leveling survey work. This publication has proved of immense value in 
standardizing survey work in the State. A year later a volume was published 
entitled, ‘‘Plane Coordinates of Minute Intersections of Meridians and Parallels 
of Latitude Based on the Massachusetts State System.” 

The various volumes mimeographed by the Reproduction Section testify to 
painstaking work on the part of the publishing unit of the project. The 
demand for these publications was more than flattering, especially in view of 
the lack of any provision for advertising or book promotion campaigns. 


Tuer USEFULNESS OF THE PLANE Co-ORDINATE SYSTEM 


What is the procedure of a surveyor who undertakes to make use of the 
plane co-ordinate system as devised for Massachusetts? He will have pre- 


; 


t 


viously obtained from the agency the plane co-ordinates of the monuments at — 


which he proposes to begin and to end his survey, and also the plane bearings 
or the plane azimuths, from these monuments to their respective azimuth 
marks. Then, setting up over the first monument with the vernier at zero, he 
sights to its azimuth mark. From this line of sight he turns the angle and 
measures the distance to the next point in his survey which the instrument is 
to occupy. He also computes the plane bearing of this line from the given 
plane bearing between monument and azimuth mark. He carries his calcu- 
lated plane bearings, in the usual manner, right on to the end of the survey at 
the terminating monument, and on through the monument to its azimuth 
mark. Instantly, he has a check on all the instrument work, for the calculated 
bearing from monument to azimuth mark should be the same as that which 
was furnished by the agency. : 

After distributing his angular error, he computes the plane co-ordinates 
(latitudes and departures) of his survey, starting with those furnished him for 
the beginning monument. His co-ordinates for the terminating monument 
should agree with those previously furnished him. Thus, he not only has a 
check on both instrument work and chaining, but he has made a controlled 
survey which is permanent, and is also in its proper position with respect to 
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all other surveys in the system so that it can be used in the future for many 
other purposes. Of course, he should correct the co-ordinates for his survey by 
distributing his error of closure in latitudes and departures. 

If he prefers to use azimuths instead of computed bearings, he first sets the 
vernier to read the given azimuth from the beginning monument to its azimuth 
mark and sights to that mark. Thereafter, instead of measuring the sub- 
sequent angles, he simply reads the azimuths of the various lines directly from 
the vernier plate and closes on the previously given azimuth at the terminating 
monument. Because the magnetic bearings will vary from corresponding 
plane ones (often considerably), in various parts of the State, the magnetic 
bearings of all lines, and the date of the survey, should be recorded. 

The surveyor finds not only that the system can be used without difficulty 
but also that it simplifies the use of control data and gives a permanent general 
grid for the entire State. County boundaries, township boundaries, property 
boundaries, intersections of roads and streets, and any prominent features of a 
region can be located accurately with definite X and Y-co-ordinates. These 
‘plane co-ordinates can be readily transformed into latitude and longitude, and 
the point can thus be definitely located in the network of meridians and 
parallels that serve to locate points in the earth’s surface. If, in some manner, 
the marker at such a point should be destroyed, it could be relocated definitely 
on the ground from its relation to other marked points. This is an important 
characteristic and one that should be given due consideration by all engineers 
and surveyors. 

There have been strong objections to the use of grid co-ordinates based on 
the State system because of the large numbers involved. These large numbers 
were used in the State system only to avoid minus values in co-ordinates in any 
part of the State. In other words, the origin of the projection X = 0 and 
Y = 0 might be said to be an arbitrary point. Therefore, if the relation of 
the grid azimuth were maintained, one might use any set of X and Y-values. 

The minimum requirements to compute an existing traverse, or tie it into 
the State system, are the grid co-ordinates of one marked station and grid 
azimuth from that marked station to another station visible from it. The co- 
ordinates are usually in hundred thousands, such as X = 315 718.63 and 
Y = 457 245.08, shown in Fig. 1. If the computer objects to carrying such 
large numbers in his computations, a value such as X = 0 and Y = 0 may be 
substituted for the known co-ordinate values of the marked starting station. 
In general practice, however, it is customary to assume some number sufficiently 
large so there will be no minus values such as 10 000 or 50000. After com- 
puting the values of the traverse, the difference between the original co- 
ordinates and the starting co-ordinates should be added to the computed 
co-ordinates. This has been done in Fig. 1. The computations using natural 
lines and curves, designated by S and C, will be self-evident. 


Co-ORDINATES BY SPECIAL TABLES 


A table of plane co-ordinates of minute intersections of meridians and 
parallels of latitude was prepared to enable engineers to compute the co- 
ordinates of any geographic position by interpolating rather than using the 
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longer direct method involving 10-place natural or logarithmic tables. While 
especially valuable for plotting purposes, the accuracy obtained in most cases 
will be sufficient for any survey, giving results checking within 0.01 ft. 

The basic values for the projection in Massachusetts are the radius, in feet, 


from the origin of the cone of the projection, of parallels of latitude, and the — 


value known as Y, in feet, of the length along the central meridian, of the 
intercepts between minute parallels of latitude. The value, in seconds, of 0, 


the angle at the origin of the cone between the central meridian and any other 


meridian, is also given. 
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Computation and Adjustment of Coordinates 


aye Deer aess Airs County...........................District No,........Note Book No............ Page _............. 


STARTING } ADJ. | FINAL | STARTING ADJ. FINAL 
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Using these basic values, the co-ordinate values of the intersection of every 
minute of latitude and longitude, within the State boundaries, were computed. 
This necessitated approximately 25 000 separate computations for the X and 
Y-co-ordinates of these minute intersections. These computations were some- 


—— 


what simplified by the fact that they were started at the 71° 30’ meridian, — 


known in the projection system as the prime meridian, which has an X-value of 
600 000. Thus, for about 100’ east and west of the prime meridian, the com- 
puted distances from this point were added to or subtracted from 600 000— 
added when east of the prime meridian and subtracted when west. 
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When all the co-ordinate values for the minute intersections were computed, 
they were arranged in a tabular form of which Fig. 2 is a sample. A range of 
15’ of latitude forms the side argument and 3’ of longitude forms the top argu- 
ment. Each vertical column of 1’ of longitude is divided into four sections. 

Section 1 gives the value of the co-ordinate, X, and between adjacent values, — 
their increments, A’X. Section 2 lists the difference, AX, in the value of X 
between each minute of longitude progressing easterly along a given parallel; 
and between these AX-values the differences, A,X, of AX between successive 
minutes of latitude along a given meridian progressing northerly. Sections 3 
and 4 are identical with Sections 1 and 2, except that the values listed are for 


0.12 


Y-Correction, i 


V 


0 2 4 6 8 10 12 14 16 18 20 22 24 26 
60 58 56 54 52 50 48 46 44 42 40 38 36 34 2 oa 
Longitude, in Seconds 
Fia. 3 


the Y-co-ordinates. Thus, at a given latitude and longitude straight line — 
differences can be found to the next larger minute of latitude and longitude. 
The complete table thus formed for the State of Massachusetts consisted of 
approximately 270 pages similar to Fig. 2, giving X and Y-values and their 
increments. : : 

To convert to grid co-ordinates a given latitude and longi i 
hundredths or thousandths of a second, it is only INR on 
required page in the table similar to Fig. 2, by use of a tabulated key, which 
gives the X and Y-values of the intersection of the given latitude and ibngitue 
rounded off to the next lower full minute. Then, by multiplying the Seconda: 
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divided by 60, into the A-values and their increments found in the tables, a 
straight line interpolation can be made. 

The Y-co-ordinates, as determined from the tables, are slightly in error 
because, between minute intersections, the parallels of latitude are assumed to 
be straight lines and actually they are curved. A graph was constructed 
(Fig. 3) giving corrections to compensate for this discrepancy. The values of 
X and Y as determined from the tables and the Y-correction are within 0.01 ft 
of those obtained through the use of the regular computation, using logarithms 


SAMPLE COMPUTATIONS: 


Station: SOMMINT Latitude 410 46" 33"877 
Longitude 71° 03! 15650 


= 55.877 ~ 0,5646167 x = 15.850 - 0.2608333 
60 60 


At longitude 71° 03' and latitude 41° 46! 


722,766.57; Nx, = -32.04; AX, = -4546.87; Aox, = +1.19 
279,693.15; Ay, =+6073.08; AY, -23.55; A,y, = +0.01 


722, 766.57 
-18,090 -32.04 x 0,5646167 

722, 748,480 

-1,185.800  0.2608333[-4546,87 + (+1,19 x 0.5646167)] 

721,562.680 


279,693.15 
43,428,962  +6073.08 x 0,5646167 
283,122,112 
=6.141 0, 2608333[-23.55 + (40.01 x 0.5646167)| 
283,115.971 
- .084 correction from graph 
283,115,807 


Adopted: 721,562.68 
283,115.89 


By Computation: 721,562.68 
283,115.88 


Fig. 4 


for changing geodetic positions to grid co-ordinates. Also, by the use of these 
tables, the time required to compute a grid co-ordinate is shortened by 65 to 75 
per cent. 

If the intersection tables are used to obtain the co-ordinates when a geodetic 
position is given for the starting station, the other computations in a traverse 
need only 7-place logarithms or 7-place natural function tables, which is the 
game as required if the traverse were based on local co-ordinates. The only 
difference in computing traverse on the State system and on a local system is 
the starting azimuth. On the State system a simple computation, called a 
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THE COMMONWEALTH OF MASSACHUSETTS—PUBLIC WORKS DEPARTMENT 


Computation of Plane Coordinates on Lambert Projection 


City or Town _ Freeville County ! Bristol - Station SOMMINT = 
Old Datum _ ¢= r= 
Correction * as | os 
1927 Datum rly pm Uae S33 ere ee Os eee 
Tabular difference of R for 1” of %= __2.0052642 l= 98271939 an 
a= __1.5299049 _ b= 1.1945143 Fy 
Rl=___ 35351691 f = 1.0217082 


27936930 
3429.01 


R! (for min.of ¢) 
R" (Cor. for sec. of ¢) 


23270108 .02 y (for min. of ¢) 
Be 3429.01 Cor. for sec. of 


R 2326667901 y! ne 282798.31 
x y"(=2Rsin23)_ | + __317.57 
° ' et ee 
6 (for min. of ) oo 18 08.2004 y ty 283115.88 
- ! ' 
f (cor. sec. of \) 10.5126 


° t NW 
QO O08 58.84 
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1007.6878 3 
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log o'" 3 20324929663 _| log ar" _ 303249297 

S for 6 —4+6855728909__|| colog 2 9.69897000-10. 
log sin 8 ty SES ee eS se 468557437 

log R 763667343982 log sin$ 7..41703734 

log x’ 5 «0848002554 


121562.68 


: ey. 3 ta 
log sin? § {R sin? § 42834074 


—_600,000.00_jlog R 7..36673440 
x 721562.68 _||log 2 0.30103000-—— 
log y"" 250183908 
317.57 
X= 600 000.00 +R sin @ 
y=y'+2R sin2 $ : 
y =the value of y on the central meridian for the latitude of the station : 
S= log of ratio for reducing arc expressed in seconds to sine 
(see log tables) 
R’,y’,and @ are given in special tables 
L=relation of @ in seconds to 1” » 
1=0.6717286561 log 1= 9.8271938758—10 
a= Seconds of latitude 
b= Seconds of longitude Copy checked by: R.C.P- 
: Date..,..))....2723/3%9,. a aCaleyby ss FxC Cee eee 
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grid inverse, will give the azimuth and distance between two known stations. 
Using this inverse azimuth the work may proceed as with any other traverse. 

A sample computation using the table of minute intersections (Fig. 2) and 
_the graphic correction (Fig. 3) is given in Fig. 4. The chosen station, Sommint, 
is located so as to be covered by the sample page illustrated in ies 2 eal is 
believed that the numerical work will be self-evident. 

To check the results in Fig. 4, a computation of the co-ordinates for the 
same station by solution of the formula is given in Fig. 5, on the standard 
form of the Massachusetts survey. The detailed procedure needs no special 
comment. In particular, the close check with Fig. 3 is to be noted. 


CONCLUSION 


The value to all future land surveys of the rectangular system of plane co- 
ordinates will be in proportion to the local and community use made of Massa- 
chusetts Geodetic Survey work already completed and to be accomplished. 
Every effort is being advanced to provide each community in the State with 
fixed points of horizontal control together with the elevations above mean 
sea level. 

Such stations are being located on individual town maps prepared for ready 
reference. Suitable symbols to identify the points are listed and explained 
in an accompanying legend. At each of these horizontal control stations the 
following data will be available: (1) A description of the general location; 
(2) a diagram showing distances and directions to station reference points; (3) 
plane co-ordinates on the State system; (4) direction angles, distances, and 
azimuths to adjacent stations; and (5) elevation above mean sea level. 

Faithful use of this information will eliminate for all time multiplicity of 
origins, the over-supply of level datum planes, and the varied waste of land 
surveys, and will contribute to an enlarged network of fixed points whose 
permanence of location will rival that of the sun. It remains for the towns and 
small communities themselves to effect this realization. It remains for them 
to see to it that future public or private surveys are tied to and developed upon 
the data available at control stations; that the positions of all important 
points and of monuments are made permanently recoverable; that old estab- 
lished points are co-ordinated with the new control points and proper recom- 
putations made; and that all future local work is tied to the State system. 
It likewise remains for these communities to appropriate sufficient funds to 
earry on this local work and to maintain complete records of procedure and 
results for future use. 

Such is the story of the establishment of the system of rectangular co- 
ordinates in the State of Massachusetts and such is the path that must be 
followed for its complete extension and realization. — 
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THE ¥HAND* COURT 
AND ITS ENGINEERING PROCEDURE 


By CLARENCE B. HUMPHREY,® Esq. 


SyNopsis 

The purpose of this paper is to place before the engineer the work done by 
the Land Court; to acquaint him with its practice and procedure; to provide a 
background for his examination of title deeds; and to encourage the use of the 
Massachusetts Geodetic Survey triangulation points and traverse stations in 
connection with the State-wide co-ordinate system. 

It is hoped that engineers connected with State and town governmental 
agencies in Massachusetts, knowing the present situation in regard to inde- 
pendent surveys, will co-operate and place their survey projects on this system, 
thus making available valuable map data. 

From its beginning the business of the Court has increased at a uniform 
rate, falling off slightly during the depression period. The number of registra- 
tion petitions filed is about 18 000 and certificates issued about 150000. The 
decree and subdivision plans. on file number about 25000 and the assessed 
value of land registered is about $200 000 000. 


EARLY GRANTS 


The original source of title to the soil in New England, as in other parts of ~ 


the United States, was in the English Crown which claimed it by the right of 
discovery and possession. The King was the owner and thus all titles to landed 
property were derived from a grant of the English Crown. 

First, there the Royal Grants, among which might be mentioned the 
Plymouth Company in 1606; the Massachusetts Bay Company in 1629; the 
Ferdinando Gorges grant in 1639, covering most of Maine; the River Towns, 
in Connecticut, in 1662; the Province of New Hampshire in 1679; and the 
Narragansett Bay settlement under Roger Williams in 1643. In 1691 the 


Massachusetts Bay Colony received a new charter, and its jurisdiction covered 


what is now Maine and Massachusetts. The Plymouth settlement was 
included in the Massachusetts Bay Province thus reconstructed. 

Next came the Colonial Grants with the power vested in the General Court. 
These grants were to individuals and groups of individuals who became known 
as proprietors. The grants to individuals were not numerous and seldom 
contained more than 350 acres, while the grants to the proprietors for laying 
out of plantations would contain a tract about 6 miles square. These plantation 
lands were surveyed and divided; and at legally called proprietors’ meetings, 
eS eee 


3 Engr., Mass. Land Court, Boston, Mass. 


a it 
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selections of the divided parcels were made by drawing lots. Although these 
deeds were properly recorded the title itself runs direct from the proprietors’ 
records. 

RECORDING 


Under the Massachusetts recording system ‘ in vogue since 1634, the docu- 
ment recorded is a deed, which is operative without record, the title passing 
upon the delivery of the deed and before it is recorded. 

According to the General Laws:5 


“A conveyance of an estate in fee simple, fee tail or for life, or a lease for 
more than seven years from the making thereof, shall not be valid as against 
any person, except the grantor or lessor, his heirs and devisees and persons 
having actual notice of it, unless it is recorded in the Registry of Deeds for the 
county or district in which the land to which it relates lies.” ‘ 


This Section although revised many times still reads very close to the 
original ordinance of 1640. The next paragraph, Section 5,5 provides that: 

“The record of a deed, lease, power of attorney or other instrument, duly 
acknowledged or proved as provided in this chapter, and purporting to affect 


the title to land, shall be conclusive evidence of the delivery of such instrument, 
in favor of purchases for value’without notice claiming thereunder.”’ 


These two Sections (Sections 4 and 5) are the very basis of the recording 
system, which not only preserves the evidence but gives a legal priority to the 
grantee of the recorded deed, insures a safe depository by the county, and makes 
it possible to investigate the title to property. First used in the Plymouth 
Colony in 1634, it remained in vogue until 1898 when it was modified by the 
adoption of the Land Registration Act. The system proved well suited to the 
needs of the people and in a greater part of the Commonwealth it still would be 
satisfactory. However, with the passing of time, as cities became congested, 
as the records became exceedingly complicated, and as the methods of dealing 
with land have changed, real estate operators found it advisable to have their 
titles in such shape that they could be transferred speedily, the same as shares 
of stock, or other securities. For such purposes the existing system was not 
adequate. In the cities there was too much record title and in the country 
there was, at times, too little. Numerous other evils of the system needed 
correction. 

Title to land is acquired in various ways, such as by inheritance, by will, 
by mortgage, and by direct purchase. During these changes over a period of 
years many things might occur to invalidate a title. Thus, no prudent man 
will purchase land until he has had the title studied by a competent examiner, 
as title on which money is loaned, or on which the issue of bonds is based, must 
be valid. If the land has repeatedly changed hands, it will be found that the 
title has been examined and re-examined by many separate interests with the 
resulting duplication of expense; and even then, the most exacting scrutiny 
might fail to disclose vital defects, such as prescriptive rights. 


4“'The Origin of the System of Recording Deeds in America,” by Joseph H. Beale, Jr. Harvard Univ., 


1907 
5 General Laws, Tercentenary Edition, Chapter 183, Section 4. < 
6“'Tand Registration Act of Massachusetts,’’ by Charles Thornton Davis, Judge of Land Court. 

(Read before the New York State Bar Assoc., 1908.) 


le 
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It was said by the Hon. Fred E. Crawford,’ of the Boston Bar, that “if a 


new beginning could be made” back of which it would be unnecessary to go— 
and if a title could be given new life and started on a new career—much would 
be accomplished. In theory, all titles come from the State and if a title might 


be considered as coming anew from the State, then from that day the State — 


would stand behind the title. This is what the Land Court does. 

To Australia—the home of that other great principle, the Australian ballot 
—goes the credit for breaking the precedent in passing title to land. Sir 
Richard Torrens was at one time Commissioner of Customs in South Australia. 
Apparently annoyed at the delay in transfer of titles in land, due to the time 
consumed in the examination and re-examination of back titles, he devised a 
system of registration of title to land incorporated in what became known as 


“The Torrens Act.”8 This furnished the idea for legislation adopted in various — 


parts of the United States. 

The first American State to adopt some system of conveyancing by the 
registration of titles, was Illinois in 1895; then came Ohio in 1896; California in 
1897; and Massachusetts in 1898. Since then Acts have been adopted in some 
form or other by Colorado, Minnesota, New York, North Carolina, Oregon, 
Washington, Utah, Virginia, North Dakota, South Dakota, and Georgia; also 
Hawaii and the Philippine Islands. The Act adopted by Massachusetts was 


distinctly local—drawn to fit existing conditions and establishing a system — 


designed to give relief from the defects of the old method. 


THe LAND Court 


In the Commonwealth of Massachusetts there are fourteen separate and 
distinct counties and twenty-one Registries of Deeds. The Massachusetts Act 
(now the General Laws, Tercentenary Edition, Chapter 185)* provides for a 
separate body, called the Land Court,® having State-wide jurisdiction, with a 
judge, two associate judges, and a recorder. This new system was grafted on 
to the existing recording system by creating a Land Registration Section in each 
Registry of Deeds, and making each Register an Assistant Recorder of the 
Court, ex officio. 

The Court is situated in Boston, Mass., and its decrees are sent out for 
recording to the Assistant Recorders. On the authority of these decrees cer- 
tificates are issued and all subsequent transfers are made by certificate. Thus, 
the title is given a new lease of life and a day is set, after which an examination 
is unnecessary. The Act not only provides machinery whereby ownership of 
the premises is adjudicated, but boundary lines on the earth’s surface are 


judicially determined, and remain definite and fixed. To register a title the 
procedure is as follows: 


(1) The petitioner files a petition and a plan with the recorder and pays the 
statutory fee. The petition describes the land as claimed ; states all known 
encumbrances and adverse claimants with their addresses, whether admitted or 

7“The Massachusetts Land Court,’ by Fred E. Crawford, 1914. 


8“The Torrens System,” by Arnold Guyot Cameron, Houghton, Mifflin Co., Boston, Mass., 1915. 


§‘*The Land Court: Being a C f the L: i i 
centenary Edition) with Procedure aaa Practies, eho ne ak Act, Chanter /185, General faust 
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denied; and gives the names and addresses of all adjoining owners. | It is ac- 
companied by an assessor’s certificate signed by the local assessor verifying the 
adjoining owners as they appeared at the last assessment for municipal taxation. 
The plan is made from an actual ground survey and shows the land claimed with 
the location of the boundary lines. The petition is given a number, the first 
one filed being No. 1, and these numbers run consecutively throughout the 
State. All papers with the petition, as well as the plan itself, bear this same 
case number. At the same time, a notice of the action is filed in the registry 
of deeds. 

(2) The petition is referred to a Court examiner to report on the state of the 
title; he is allowed two weeks for this work. He must be an attorney-at-law, 
appointed by the Court. When his report is filed, notice is given to all parties 
in interest by publication once each week for three successive weeks in a news- 
paper in the county where the land lies. It is expressly provided that by the 
description in the notice“to all whom it may concern,” all the world are made 
parties defendant and are to be included by default, and that the registration 
proceeding is in rem suam. The return day of the notice must not be less than 
twenty nor more than sixty days from the date of issue, and within seven days 
the recorder sends an attested copy of the notice to each person named therein, 
by registered mail. An attested copy of the notice is also posted on the land 
itself by a deputy sheriff, not less than fourteen days before the return day. 
Such other and further notices are given as the Court may order. 

(3) If on or before the return day no one appears to object to the registration 
of the title to the land in the name of the petitioner, the examiner’s opinion with 
the complete abstract of the record title is carefully read and considered by the 
Judges. Even if no objections have been made, further service, or additional 
information, or both, are many times required. After all these precautions have 
been taken, an order for decree of confirmation and registration of the title is 
entered in the name of the petitioner. 

(4) If on the return day appearances and answers have been filed objecting 
in part or in whole to the petitioner’s claim for registration, then, on motion, 
the matters involved are set down for a formal hearing before the Court. If the 
objections are not disposed of in Court—by agreement, by stipulation, or by 
withdrawals—the case is heard and a decision filed by the Judge. This decision 
is final upon all questions of fact, but any questions of law arising in the Land 
Court may be taken directly to the Supreme Judicial Court within twenty days 
after the decision is filed. When remanded to the Land Court an order for 
decree is entered as in an uncontested case. 


Cost oF REGISTRATION 


Upon filing a petition, the petitioner is required to deposit $25 plus one-tenth 
of 1% ($1 per $1 000) of the last assessment for taxation; and when the decree 
is issued he pays the further sum of $2 for the decree and copy, and one-fourth 
of 1% of the assessed valuation, but not less than $10, nor more than $1 000. 
At the same time, the recorder’s office collects $5, which is transmitted to the 
registry with the decree, to pay for entering the papers and for preparing the 
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certificate and owner’s duplicate. In addition to these statutory charges, the 
petitioner pays his title examiner and also his engineer for survey work and 
plan. The $25 is for publication, sheriff’s fees, etc., and if any surplus remains 
when the case is closed, it is returned to the petitioner. If such deposit is not 
sufficient, then the remainder is paid upon the request of the recorder and before 
any decree issues. 

The one-tenth of 1% is paid as an assurance fund to be deposited with the 
State Treasurer who keeps it invested and adds the income to the principal; 
and when the fund amounts to $200 000, as it did in 1929, the income is used to 
help defray the expense of the Court. This fund is for the purpose of reimburs- 
ing the Commonwealth for any sum its Treasurer may be called upon to pay out 
because of negligence on the part of any officer under the Land Registration 
Act. The man given a title under a decree of the Court obtains an indefeasible 
title, one that is settled and that remains settled. This is most important. 


SuRVEYS AND PLAN WorRK 

The Land Registration Act does not provide for an engineer, but Judge 
Charles Thornton Davis, who has been with the Court from 1898 to 1936, early 
recognized the necessity for an engineering department. He established it as 
an adjunct to the Recorder’s Department.® 

Instructions as to surveys were issued to acquaint the engineers with the 
requirements of the Court in regard to surveys and plans, and to standardize 
Land Court surveys. This was necessary in order to obtain in the first instance 
full engineering data, showing field monuments, which would enable any 
engineer to reproduce the lines upon the ground. In the past the fault has been 
that plans filed in the local registries lacked both monuments and survey data 
and, at times, even distances on the property lines themselves. Plans showing 
property and subdivisions are still recorded which have little or no value because 
the lines shown on them are in dispute and the engineer who made them has 
long since been dead. It is a case in which the engineer considered the missing 
data as a part of his stock in trade. This condition, however, should not dis- 
courage the filing of such plans, because some deeds are so ambiguous that even 
a sketch of the land sought to be described would be of assistance. 

What is a survey? What are the requirements for a model plan and what 
data should be shown thereon? To be of any value, a plan should show plotted 
lines drawn to scale, distances, angles or bearings, survey notes when necessary, 
and the character of existing physical boundaries and monuments. Thus, all 
lines may be reproduced accurately by another engineer many years hence 
should occasion require. 

In making plans for the Land Court: 


(1) The plan must be made on tracing cloth. 
(2) The sheet may be 18 in. by 24 in., or 24 in. by 36 in., or any convenient 
larger size. 
(3) The title must state the location, scale, date, name, and address of the 
surveyor. 
: (4) The plan must show the north point, town, or county lines, names of 
adjoining owners, passageways, street lines, boundary monuments, all fences, 
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walls, buildings on or adjacent to lines claimed (using proper conventional 
signs), and all other natural monuments pertinent to the purpose. 

(5) The scale must be such as to show clearly all data necessary, 

(6) The area may be by calculation or by scale; if by scale the sign, + 
is affixed. 

(7) Such parts of buildings and other physical features on adjoining land as 
are within 10 ft of boundary lines are shown. 

(8) Boundaries of the property, pertinent dimensions, and all physical 
features are shown in black; all traverse and surveying data in red. 

(9) The plan must indicate plainly how each corner, property line, and 
reference point is marked on the ground. This information is essential, for the 
reason that respondents often object to a plan and survey because a stone 
bound, partition wall, retaining wall, or other object used to mark a boundary, 
has been erroneously included or excluded. On this account careful inquiry 
should be made to determine the ownership of such boundary monuments. If 
necessary a note is included describing what part of the boundary monument 
is used. 

(10) The parcel sought to be registered must be enclosed within blue tinting. 

(11) The plan should be oriented so that the top is in a general northerly 
direction. 


? 


Engineers are always reminded that the land may be bounded on ways, that 
is, streets, avenues, highways, boulevards, and parkways, also on railroad loca- 
tions and public lands. Such ways are monuments, possibly referred to in the 
title deeds and as such the data are, or should be, deposited in the various 
public offices and the county registries. They are asked to examine these data 
and to place on the plan the initial data points used in making the survey. 

In regard to bearings, engineers are asked to carry forward, if possible, one 
bearing used in a previous registration case; if not, to use a bearing found on an 
official street plan; or, as a last resort, to read the magnetic bearing of some one 
line of the new survey. All bearings on the survey must be relative, computed 
from measured angles. 

A computation sheet is required, showing traverse on the lines claimed, or 
on lines from which the lines claimed are located. It gives computed latitude 
and departures and additional data, if necessary and not shown upon the plan, 
so that rectangular co-ordinates of all points on the plan can be computed. 

On the plan is the endorsement: “I certify that this survey was made in 
accordance with Land Court instructions,” with the surveyor’s signature. 
Thus, the engineer must have all these requirements in mind when making 
his survey. 

This plan is indexed and casually examined; if any data are missing or 
monuments should be set, the attorney of record is so notified. This procedure 
- expedites matters when the case is ready for decree, which may be months later 
depending on the questions involved. The plan is used throughout the hear- 
ings. Usually, no changes are made; in some cases the lines are changed by 
agreements; and in still other cases, due to protracted hearings and formal deci- 
sions, many changes are made. When, however, an order for final decree is 
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issued a plan called the decree plan is prepared in the Engineering Department. 
These plans are all of one uniform size, 10 in. by 15% in. 

This decree plan is sufficient in itself, with all survey data and monuments 
shown on it, to enable the established lines to be found on the ground. From 
this plan the decree is drafted describing the land as registered and setting forth 
all encumbrances, easements, or appurtenant rights, as set out in the order for 
decree. The Court early decided to use a bounding description rather than a 
so-called running description and, by the plan reference, to make the plan itself 
a part of the decree of the Court. ‘The Supreme Court has often held that, by 
a well settled rule of construction where a plan is referred to in a deed, the lines, 
courses, distances, references to monuments, and other particulars appearing on 
the plan, are to be regarded as much as they would be if expressly recited in 
the deed. é 

The descriptions in the decrees, therefore, are brief, using a general bounding 
description, grouping together shorter lines running in the same general direc- 
tion, but reciting, however, the adjacent owners and natural boundaries. The 
first boundary is usually a highway; thence the description reads clockwise. 
The plan reference most often used is as follows: 


‘‘All of said boundaries are determined by the Court to be located as shown 
upon plan numbered * * *, which will be filed with the original Certificate of 
Title issued on this decree, the same being compiled from a plan drawn by 
John Doe, Engineer, dated * * *, and additional data on file in the Land 
Registration Office, all as modified and approved by the Court.” 


The decree and plan are sent to the assistant recorder for the district within 
which the land is situated. He transcribes this decree in a registration book 
and this entry is the original certificate which is accompanied by the plan. The 
assistant recorder then makes an exact copy of the original certificate, adding 
to it the words, “‘Owner’s Duplicate Certificate,” and delivers this to the owner. 

Thus, the title to the parcel of land may be considered as being born again. 
From this time it is guaranteed by the State. The parcel thus started on a new 
career may contain only a few hundred square feet, or it may comprise several 
square miles, as the case may be. 


GEODETIC CONTROL 


From the beginning in Massachusetts it has been the aim to have all Land 
Court surveys made so that co-ordinate values could be computed relative to an 
assumed origin which might be one corner of the locus. The early instructions 
asked to have all surveys connected with recognized triangulation points when 
within or near the locus. When not connected with any recognized origin, 
then an origin within the survey is assumed and contiguous surveys is. con- 
nected with it. This is carried on until the group of surveys, in turn, is con- 
nected with some local origin connected with the triangulation system, and 
then when these lands are thereafter dealt with, the lines are recomputed, based 
on the local origin. No request has been made to have local engineers use 
geodetic computations. Very few are acquainted with the formulas and they 
do not associate values in degrees, minutes, and seconds with small surveys, 
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but rather with the U. 8. Coast and Geodetic Survey work. If they are to 
carry on this horizontal system of control it must be made easy for them. Thus, 
the calculations for all reductions from geodetic values to plane co-ordinates 
have been simplified by the methods of the Massachusetts Geodetic Survey, 
as explained in Mr. Houdlette’s paper. In many cases the necessary co- 
ordinates are furnished them before they begin a survey, especially if it covers 
a large area. 

With the State divided into twenty-one registry districts, the system first 
adopted was to have an origin in the center of each so that all values would be 
relative to land registered and recorded in the respective registry of deeds. 
This system of rectangular co-ordinates was based upon a plane tangent to the 
earth’s surface at a point. The area of each district was such that no appreci- 
able error would appear on the exterior perimeter. The origin being a part of 
the State Triangulation system, the reduction from geodetic co-ordinates to 
plane co-ordinates was first made using the L.M.Z. formula (L.M.Z. has been 
adopted as representing latitude, longitude, and azimuth) and, later, by using 
formulas in Special Publication No. 71, issued by the United States Department 
of Commerce in 1921. This system was gradually being utilized by local 
engineers and by engineers working on the State highways. 

In April, 1933, working in conjunction with the Department of Public 
Works a new system was adopted, as explained by Mr. Houdlette, whereby the 
State was divided into eight zones, but still using the plane rectangular system. 
The adoption of these new zones made it easier for the State engineers in cross- 
ing from one system to the other, as the number of origins were reduced from 
21 to 8. It was also a step forward in having the highway network placed on a 
definite system referred to a common meridian, and if co-ordinate values were 
earried forward on subsequent highway plans they would have an economic 
value, appreciated by the engineer, but little realized by the owner of the land. 

In December, the U. 8. Coast and Geodetic Survey reported that all future 
values for triangulation stations in Massachusetts would be computed and 
published, as based on a new datum known as the North American datum, 
1927. In using Government maps and geographical positions given in terms of 
latitude and longitude, especially in research work, engineers should, therefore, 
have in mind the three main projections used in Massachusetts, namely the 
Bessel spheroid used previous to 1880; the North American datum based on 
the Clarke spheroid adopted in 1880; and the North American datum, 1927. 

In consequence, it was decided to adopt one uniform system of co-ordinates 
with values expressed in feet and fractions thereof, extending across the 
State. The projection advised by Dr. O. S. Adams, U. 8. Coast and Geodetic 
Survey, as approved by the Massachusetts Department of Public Works and 
the Land Court, is defined as the Lambert Conformal Conic Projection of 
Clarke’s spheroid of 1866, with two standard parallels held true to scale. This 
system is fully described by Mr. Houdlette. 


CADASTRAL Maps 


The need for key maps upon which to plot the location of registered parcels 
was early recognized. All the available commercial atlases of the towns, cities, 
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and counties were purchased and upon these atlas sheets the lands sought to be 
registered were outlined in blue and the case number indicated. These atlases 
serve as a graphical index, not only for the use of the Court, but for the public 
as well, to ascertain whether any registered lands exist in any given locality. 

In addition to these atlases, there have been made from time to time stand- 
ard base maps, called cadastral plans. The basis for these plans is the geodetic 
control system and the fifty-four Topographical Sheets of the U. S. Geological 
Survey, which include the Commonwealth of Massachusetts. 

These 15’ quadrangle sheets have been divided into nine lettered sections of 
5’ each and each section is further divided into eight numbered plans. Thus, 
there are seventy-two plans to a topographical sheet, and the area covered by 
each plan is 2’ 30” of longitude and 1’ 15’ of latitude. The scale for these 
plans is 300 ft to an inch which allows the use of standard paper, 27 in. by 40 in., 
with about l-in. margin. On a decree plan the reference, ‘52-H-6,” would 
indicate that the land as registered is plotted on Topographical Sheet 52, 
Section H, Plan 6. 

These plans when first prepared show border lines of longitude and latitude, 
dimensions, in feet, on each side, and the rectangular co-ordinates of each corner 
intersection, as well as the sheet number, town names, and town boundaries. 
From these data, inside construction lines are plotted and the sheet is then ready 
for plotting any parcel or lines connected with the geodetic control. Existing 
maps upon which the geodetic lines appear may be easily enlarged and placed 
upon these plans. 


SUBDIVISION PLANS 


The Land Registration Act provides that a registered owner holding one 
certificate for several distinct parcels may surrender it and take out a certificate 
for each parcel; likewise, if he holds separate certificates for each parcel, he may 
surrender them and take out one certificate for all parcels or any number of 
them. The Act further provides that an owner who subdivides a tract of 
registered land into two or more lots shall file with the Court a plan thereof, 
when applying for a new certificate; that this plan shall be verified; and that 
all newly created boundaries and ways shall be distinctly and accurately shown 
thereon. 

The original Certificate of Title describes with a bounding description the 
perimeter of the land registered, and this is true whether the decree plan shows 
one parcel containing 5 000 sq ft of land or 5 acres subdivided into, say, thirty 
numbered parcels. In the first case, if the parcel was conveyed, the owner 
would surrender his certificate; it would be canceled and a new certificate issued 
to the new owner, referring to the plan filed with the first certificate. This 
might happen many times. 

In the second case, one or all of the thirty separate parcels as shown upon 
the decree plan might be conveyed to as many separate new owners. Hach new 
owner would receive a certificate describing the parcel he had acquired and 
referring to it by Parcel No. * * *, Plan No. * * *, filed with Certificate of 
Title No. * * *, As each parcel was conveyed, a memorandum to that effect 
would be entered on the grantor’s certificate giving the grantee’s name, date, 
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and other pertinent information. Likewise, all mortgages or other papers 
affecting the title would be entered, so that the state of the owner’s title is always 
obtainable by first reading the owner’s certificate and thus observing the nature 
of the encumbrances entered on its reverse. In many cases where mortgages 
have been registered, later discharged, and the parcels sold, the owner will 
surrender his certificate encumbered with all these references and ask that he 
have a new certificate, purged of all ‘(dead wood,” which after an examination 
by the Court is granted. 

When the decree plan shows numbered parcels, or parcels and ways, separate 
Certificates of Title may be issued without any further Court order. The fact 
that the divisions are on the decree plan is the Assistant Recorder’s authority. 
When, however, any parcel as registered and shown upon the decree plan is 
changed by creating new interior boundary lines, a new plan is required as 
described, and, at this time, the owner files with the Engineering Department 
of the Court his Certificate of Title, and the new plan. This certificate is 
examined to see if it covers the land shown on the plan as filed, and the plan 
itself is verified to see that it is consistent with the previous registration plans to 
which the certificate refers and that all new boundaries and ways are accurately 
shown with proper engineering data, the same as if a new petitioner’s plan were 
being filed for original registration. Each new lot or parcel must be consistent 
in itself and the distances and angles indicated must be reasonable. If found 
correct in all these details it is approved and a plan made from it on standard- 
size white paper showing the new divisions with data appearing on the filed 
plan, and in many cases additional data appearing on the files of the Court. 
On this plan appears the legend: 


‘Separate Certificates of Title may be issued for the numbered lots as shown 
hereon; or it may be for ‘certain lots, viz., Lots 24 and 25 as shown hereon’; as 
the case may be. This legend is attested by the Court.” 


This plan with the owner’s Certificate of Title is sent to the Assistant Re- 
corder for the district in which the land is situated with an order to cancel that 
part of any plan or plans upon which the land thus divided is shown. This 
process continues ad infinitum. : 

The subdivision plan work is an important and ever-increasing function of 
the Court. It is handled exclusively in the Engineering Department where in 
many instances complete descriptions based upon the new plan are furnished to 
the Assistant Recorders. The subdividing of land, the relocation of highways, 
the merging of contiguous parcels into one ownership, the re-arrangement of 
lots, the call for plans showing land remaining after a large tract has been ac- 
tively dealt with, and the many other activities encountered in dealing with 
land and title create new plan work and the issuance of new Certificates of 
Title. ‘This cancellation of the old or previous plans and the making of new 
plans is the means of continually keeping up to date the existing state of the 
title as well as the existing facts upon the ground, with newly acquired en- 
gineering data. 

It is in dealing with subdivision plan work and the calculations incident 
thereto that the importance of a rectangular co-ordinate system, whether local 


1878 SURVEYING PRACTICE IN MASSACHUSETTS Papers — 


or not, is impressed on the engineer. In many instances, the adoption by the 
State of one common projection to be used by all engineering agencies will 
prevent the duplication of survey work, which all engineers know exists at the 
present time. 


Although a Land Court will quiet the title and make it indefeasible, a co- — 


ordinate system such as is now recommended by the U. 8. Coast and Geodetic 
Survey furnishes the foundation for all local and municipal surveys; eliminates 
the uncertainty of the magnetic meridian; provides a system for placing on 
plans the exact value of all corners, thus making property plans more valuable; 
provides a method of reproducing lines in areas devastated by fires; and, finally, 
tends to reduce materially the boundary line controversies which are so detri- 
mental to the peace of a community, as a single point on the earth’s surface 
furnishes a starting point for all surveys. Most disputes arise from a mis- 
interpretation of the law controlling boundaries and a difference of opinion 
between engineers as to the starting point. 

Doubtless problems of this general type were in the mind of Moses when he 
stated in ““Deuteronomy”’ 27:17: ‘Cursed be he that removeth his neighbour’s 
landmark, and all the people shall say, Amen.” 
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INTRODUCTION 


Although a great portion of wealth is represented by land, little progress 
has been made in the United States toward workable methods of recording 
either the title or the location of land boundaries. The methods used to-day 
were developed when land was comparatively inexpensive and population 
densities were low. With the passage of time and the concentration of popu- 
lation in metropolitan areas, the necessary records concerning land title and 
land boundaries have multiplied with increasing rapidity. Title search for 
individual parcels is becoming more arduous and the difficulty and cost of 
compiling data necessary for the determination of boundary location preclude 
proper survey procedure, despite the development of modern precise surveying 
methods. Compiled data can seldom be reconciled with geometrical require- 
ments imposed by the existing land, and the location of boundaries, therefore, 
is more often a matter of judgment than of skill. 

The Committee has been organized to study these conditions and to make 
recommendations for improvement. 


RECOMMENDATIONS 


1.— At the beginning of the Committee investigation it was at once evident: 
(a) That the importance of the problems under consideration and the diffi- 
culties involved in the solution of them necessitate a considerable period of 
study; and () that in order to avoid errors, a considerable period of time will 
be necessary for proper criticism and revision of the final report. 

It is recommended, therefore, that the Committee be continued for a 
period of at least three years, provided, however, that preliminary reports be 
submitted from time to time as the work progresses. 


Norr.—Adopted by the Committee of the Surveying and Mapping Division on Land Surveys and 
Titles, at its meeting in New York, N. Y., March 30, 1938. Written comments are invited for immediate 


publication in Proceedings. 
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2.—As the solution of the problem is dependent not only upon fact-finding 
but also upon the development of a plan for improvement, it is recommended 
that the Committee be relieved of the necessity of reporting the particular 
steps leading to that plan, to the end that Committee deliberations will not 
be mistaken for final recommendations. 

3.—The studies of the Committee have shown that one of the basic causes 
of the discrepancies and inexactitudes usually present in boundary location is 
the lack of permanently fixed reference directions and positions—consistently 
inter-related, and permanently marked—which are publicly known and legally 
recognized. Without such fixed directions and positions, land boundaries are 
at best dependent upon individual monuments and landmarks subject to 
removal or loss, seldom publicly recognized or inter-connected by surveys so 
as to obviate geometric impossibilities or loss of the marks; and, therefore, 
nothing exists upon which descriptions can be based nor by which independent 
locations can be established on the ground. It is only by the acquiescence of 
interested parties that a property line can be said to be established permanently. 


The Committee finds further that, in order to provide proper reference 
marks for fixing position and direction, a system of survey monuments should 
be established, connected by properly controlled precise surveys, and that the 
positions of these monuments, so determined, should be expressed in terms of 
a co-ordinate system, preferably by plane rectangular co-ordinates. Descrip- 
tions of the monuments, together with their co-ordinates, must be recorded 
by some public authority and the record made available for public use. 

The United States Coast and Geodetic Survey has developed a plan for the 
establishment of such inter-related monuments and systems of plane co- 
ordinates for defining positions. This plan has already been put in operation 
in several States and has won the immediate approval of practicing land 
surveyors and title examiners. Many thousands of monuments have been set 


and their co-ordinates have been determined. The plan is known as the © 


“State System of Plane Coordinates.” It has been thoroughly studied by the 
members of the Committee, and it is believed to offer an adequate remedy for 
the deficiencies described. The utility of the plan extends to so many fields 
other than that of land surveys and descriptions that the cost to the taxpayer 
for its adoption will be returned manyfold. It provides a basis for checking 
and controlling instrumental and aerial surveys for maps and plans required 
for all engineering development. The time and cost of establishing special 
control for each project are thus obviated. Furthermore, all existing data can 
be compiled, and boundary lines can be correlated without field determination. 


Tue State System or Phang Co-OrRDINATES 


The entire United States is covered by series of triangulation stations 
which are physical marks on the ground. Most of the stations consist of 
concrete shafts, 4 ft or 5 ft long, set nearly flush with the ground, with bronze 
disks set in their tops which identify them and also contain a small hole which 
represents the exact position. Buried under each shaft is a short cylinder of 
concrete with another disk set directly under the surface disk. Usually, three 
more shafts with disks are set near-by and witness measurements are recorded 
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by which the station can be replaced precisely if destroyed. In rock outcrops 
the disks are grouted in holes in the rock. 

All these triangulation stations are connected by precise surveys so that 
their relative positions are determined accurately. Thus, even if all the marks 
of many stations were removed, it would still be possible to replace them in 
their original positions. 

Since this net of triangulation stations extends over so large an area— 
the entire United States—it is necessary, due to the curvature of the earth, 
to express the positions of the stations in terms of a spherical co-ordinate 
system; that is, by precise latitude and longitude. As it is unnecessary to 
consider the curvature of the earth in the reduction of most survey data, 
the mathematics of this procedure is unfamiliar to all but a few specialists. 
It is clear then, in order to make them generally usable, that some form of 


_ plane rectangular co-ordinates must also be used to express the position of 


these stations. The U.S. Coast and Geodetic Survey has developed a plane 
co-ordinate system for every State, according to which the positions of the 
triangulation stations may be expressed. In the larger States several zones 
have been introduced, each zone having a separate origin. The zones are 
made as large as possible without introducing appreciable differences, caused 
by earth curvature, between measurements on the ground and distances as 
expressed by the co-ordinates. The variations thus introduced are so slight 
that they cannot be discovered by ordinary survey methods. 

» It is planned that monuments will be established in convenient locations 
along highways and streets, and precise surveys will be made connecting these 
monuments with triangulation stations. The co-ordinates of the monuments 
can be determined by using the plane co-ordinates of the triangulation stations. 
In many States this work is well under way, and many municipalities are 
extending the monument system throughout their streets. By this plan the 
position of every monument in the system can be determined with relation 
to that of every other monument, so that it is inconceivable that the position 
of the system should ever be lost. 

To utilize the system a land surveyor must make a proper survey connection 
with two monuments. He can then either state the plane co-ordinates of the 
property corners in his description, or give the bearings and distances of two 
or more property corners from the monuments. With these data in the 
description there can be no question as to the precise position of the property. 
Its location is described accurately and permanently. Moreover, it is possible 
to determine, by examination of descriptions of this kind, whether all the 
parcels lotted in a certain tract will, in fact, fit into the tract. 

When once the title examiner has become familiar with such a system, 
he can determine, without a field survey and a surveyor’s guess, whether the 
requisite land exists for the title he is examining. Surveys are thus co-ordi- 
nated, and, in fact, made part of one great survey which is all-inclusive. 

There are many applications of the system to engineering and mapping. 
It has proved of extreme value for tax maps and has been used considerably 
for that purpose. 
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It is desirable that each State legislature enact enabling laws defining the 


system used in the State and naming it so that any co-ordinates used can be 
referred to by name. A model act has been prepared and an example of it is 


attached hereto as an Appendix. Certain obvious changes are necessary, of © 


course, to adapt the act to other States. 


It is also desirable that a bureau of surveying and mapping be established 


in each State to administer the co-ordinate system. Such a bureau should be 
the depository of control-survey data, should disseminate it to the public, 
and should maintain the monuments. The bureau should be equipped to 
aid counties, municipalities, and other political subdivisions, to extend the 
monumentation along the roads and streets. By proper supervision of the 
work and by careful checking of the results, the bureau would be able to 
include these surveys in the State systems. 


The Committee recommends, therefore, that each State legislature enact 


an enabling law as described herein and designate by law the establishment of 
a bureau of surveys either independent of existing State Departments or as a 
division of an existing department. The necessary appropriations should be 
made at the same time to start the bureau, to be increased as the work of the 
bureau results in savings in survey costs and litigation. 


Respectfully submitted, 


Dorr VrieL4z, Chairman, 


Committee of the Real Property 
Division, American Bar Association; 


Puiuip Kissam, Chairman, 
A. H. Hout, Secretary, 


Committee on Land Surveys and 
Titles, Surveying and Mapping 
Marcu 380, 1938 Division. 


APPENDIX 


A BILL FOR 


An Act to describe, define, officially name and regulate the use of a system 
of coordinates for designating and stating positions of points on the surface 
of the earth within the state of Iowa. 


Whereas, the United States Coast and Geodetic Survey has established a 
system of plane coordinates, tied to the national triangulation net, for the 
purpose of making available for general public use a simple, convenient, 
state-wide system for stating the location of points on the earth’s surface, 
such as monuments, section corners, property corners, highway markers or 
any other point with which a survey might be concerned; and 


Whereas, It is desirable to assign officially a name to this system in order 


to so define the system as to make certain its meaning when the name is used; 


and 


ir 
. 
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Whereas, It is desirable to regulate the filing of data expressed in terms 
of the system in order to insure reliability of such data when permitted to 
become a part of the public records; therefore 


Be It Enacted by the General Assembly of the State of Iowa: 


Section 1. The system of plane rectangular coordinates which has been 
established by the United States Coast and Geodetic Survey for defining and 
stating the positions or locations of points on the surface of the earth within 


_ the state of Iowa is hereafter to be known and designated as the “Iowa Co- 
_ ordinate System.” 


For the purposes of the use of this system the state is divided into a “North 
Zone”’ and a “South Zone.” 
The area now included in the following counties shall constitute the North 


Zone. (Here are given the names of counties included in this zone.) 


The area now included in the following counties shall constitute the South 
Zone. (Here are given the names of the counties included in this zone.) 


Section 2. As established for use in the North Zone, the Iowa Coordinate 
System shall be named, and in any land description in which it is used it shall 
be designated, the ‘Iowa Coordinate System, North Zone.” 

As established for use in the South Zone, the Iowa Coordinate System 
shall be named, and in any land description in which it is used it shall be 
designated, the “Towa Coordinate System, South Zone.” 


Section 3. The plane rectangular coordinates of a point on the earth’s 
surface, to be used in expressing the position or location of such point in the 
appropriate zone of this system, shall consist of two distances, expressed in 
feet and decimals of a foot. One of these distances, to be known as the 
“‘x-coordinate,”’ shall give the position in an east-and-west direction; the other, 
to be known as the “‘y-coordinate,” shall give the position in a north-and-south 
direction. These coordinates shall be made to depend upon and conform to 
the plane rectangular coordinates of the triangulation and traverse stations 
of the United States Coast and Geodetic Survey within the state of Lowa, 
as these coordinates have been determined by the said Survey. 


Section 4. When any tract of land to be defined by a single description 
extends from either of the two coordinate zones into the other zone, the positions 
of all points on its boundaries may be referred to either of these two zones, 
the zone which is used being specifically named in the description. 


Section 5. For the purpose of more precisely defining Iowa Coordinate 


- System, the following definition by the United States Coast and Geodetic 


Survey is adopted: 


The Iowa Coordinate System, North Zone, consists of a Lambert Conformal 
projection of the Clarke spheroid of 1866, haying a central meridian 93° 30 
west of Greenwich. The intersecting cone of this projection cuts the surface 
of the spheroid in parallels of latitude 42° 04’ and 43° 16’ north of the equator, 
along which parallels the scale shall be exact. The origin of coordinates for 
this zone is at the intersection of the meridian 93° 30’ west longitude and 
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the parallel 41°31’ north latitude. This origin is given the coordinates: 
x = 2,000,000 feet; y = 0 feet. ; 

The Iowa Coordinate System, South Zone, consists of a Lambert. conformal 
projection of the Clarke spheroid of 1866, having a central meridian 93° 30 
west of Greenwich. The intersecting cone of this projection cuts the surface 
of the spheroid in parallels of latitude 40° 37’ and 41° 47’ north of the equator, - 
along which parallels the scale shall be exact. The origin of coordinates for 
this zone is at the intersection of the meridian 93° 30’ west longitude and 
the parallel 40°00’ north latitude. This origin is given the coordinates: 
x = 2,000,000 feet; y = 0 feet. 


The position of the Iowa Coordinate System shall be as marked on the 
ground by triangulation or traverse stations established in conformity with 
the standards adopted by the United States Coast and Geodetic Survey for 
first-order and second-order work, whose geodetic positions have been rigidly 
adjusted on the North American datum of 1927, and whose plane coordinates 
have been computed on the system here defined. Any such station may be 
used for establishing a survey connection with the Iowa Coordinate System. 


Section 6. No coordinates based on the Iowa Coordinate System, pur- 
porting to define the position of a point on a land boundary, shall be presented 
to be recorded in any public land records or deed records unless such point is — 
within one-half mile of a triangulation or traverse station established as 
prescribed in Section 5 of this act. 


Section 7. The use of the term, “Iowa Coordinate System,” on any map, 
report of survey, or other document, shall be limited to coordinates based on 
the Iowa Coordinate System as defined in this act. 


Section 8. Nothing contained in this act shall be interpreted as requiring 
any purchaser or mortgagee to rely wholly on a description based on the 
Iowa Coordinate System. 


Section 9. If any provision of this act shall be declared invalid, such 
invalidity shall not affect the validity of any portion of this act which can be 
given effect without such invalid part. 


Section 10. This act, being deemed of immediate importance, shall be in 
full force and effect from and after its publication in the Tipton Conservative, 
a newspaper published at Tipton, Iowa, and the Iowa City Press-Citizen, 
a newspaper published at Iowa City, Iowa. 
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THE DESIGN OF ROCK-FILL DAMS 


Discussion 
By J. D. GALLoway, M. Am. Soc. C. E. 


J. D. Gatioway,*”7 M. Am. Soc. C. E. (by letter).47*—It is gratifying to 
note that a number of engineers have found time to discuss this paper and to 
contribute valuable information. It was to be expected that differences of 
opinion would develop, but it is to be noted that the discussion refers mostly to 
details rather than to the basic elements of design. 

The statement that rock-fill dams should consist of a loose fill with slopes on 
both faces closely approximating natural slopes, with an impervious facing on 
the up-stream side between which and the rock-fill there should be placed a 
cushion of dry rubble, was not questioned. In this feature it may be assumed 
that there is unanimity of opinion. No one advocated placing a core-wall in 
the center of the dam, as experience has shown that the center of the cross- 
section is not the place for the impervious element. 

There was some discussion of the definition of a rock-filldam. The writer 
purposely restricted the definition as given, although that is a matter of Opinion. 
Dams have been built with an earth section, supported on the down-stream side 
by a rock-fill. It would seem that such a dam is really an earth-fill. The 
resistance to the water is taken by the earth-fill in accordance with the design 
of that type of dam, and the rock-fill below is little more than earth of larger 
grains. It is sufficient for the purposes of the paper to limit the discussion to 
dams as described. 

Mr. Pearce gives a good reason for making the up-stream slope approxi- 
mately the natural slope of the rock-fill. Steeper slopes have been used, but 
in all cases, it was"necessary to retain the loose rock in place by carrying up the 


Nory.—tThe paper by J. D. Galloway, M. Am. Soc. C. E., was published in October, 
1937, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
December, 1937, by Messrs. Cecil EH. Pearce, and H. B. Muckleston; January, 1938, by 
Harold K. Fox, M. Am. Soc. C. E.; February, 1938, by Messrs. Charles H. Paul, and A. 
Floris; March, 1938, by Messrs. Howard F. Peckworth, Oren Reed, Walter L, Huber, 
Samuel B. Morris, and L. F. Harza; April, 1938, by Messrs. Paul Baumann, O. W. Peter- 
son, and George W. Howson; May, 1938, by Messrs. John E. Field, John H. Wilson, 
Frederick H. Fowler, I. C. Steele and Walter Dreyer, and F. Knapp; June, 1938, by Messrs. 
Ralph J. Reed, F. J. Sanger, and C. S. Jarvis; and September, 1938, by Messrs. L. R. 
Hast, and Francisco Gomez-Perez and Miguel Jinich. 

47 Cons. Engr., San Francisco, Calif. 


47a Received by the Secretary October 3, 1938. 
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dry rubble at the same time. This was done in the earlier dams, but the up- 
stream slopes of recent dams have rendered this procedure largely unnecessary. 
The suggestion was made that the horizontal joints might not be in compression, 
due to the natural shrinkage of the concrete in setting. This condition might 
obtain for a time, but it is believed that the settlement of the rock will proceed 
at a rate greater than the concrete will contract, thus placing the concrete in 
compression at the horizontal joints. 

Among other points mentioned by Mr. Muckleston, he suggests the possi- 
bility of using puddled clay loaded with rock as the impervious element. It is 
the opinion of the writer that nothing of the nature of clay should ever be used 


; 


| 


in a rock-fill dam. When wet, as it would be, the clay will moisten and will — 


slide from its position. Any rock loaded on top of the clay will be squeezed into 
it and will cause undue settlement. The same objection may be made to any 
form of asphalt concrete for the impervious element, as suggested by Mr. 
Muckleston. Although it is flexible, it will tend to flow under pressure and, in 
time, will lose its life from contact with water or under the influence of the 
sun’s heat. 

Mr. Paul refers to the English Dam and asks how it happened to be de- 
stroyed. Of this, the writer has no information except that given by the late 
A. J. Bowie,4®2 M. Am. Soc. C. E. The general opinion was that the initial 
failure of the dam was caused by dynamite, as there was an active contest by 
different mining companies for water on the Yuba River at that time. How- 
ever, the failure may have been due to the decay of the log cribs within the 
structure. 

Mr. Floris calls attention to the fact that on an inclined face the weight of 
water adds to the stability of the dam. It was the writer’s intention to convey 
the same idea, a fact that is common to all dams where the impervious element 


is next to the water. It was so expressed in the paper (see heading, ‘‘Design: 


Cross-Section’”’) where the sliding factors are given and the water load included © 


as a vertical force that acts by increasing friction to resist the horizontal 
component tending to slide the dam. In stating that rock-fill dams resist 
water pressure by their weight only, it was intended to mean that anything of 


\ 


the nature of arch or cantilever action, such as may be present in masonry dams, 


is not possible. 
Dean Morris, in his interesting discussion of the paper, draws attention to 


the possible effect of earthquakes upon a rock-fill dam and suggests the possi- 


bility of large and unequal settlements taking place when the dam is shaken by 
the waves. Earthquake effects may be of two different kinds. Practically all 
earthquakes are tectonic; that is, they are caused by an actual rupture of the 
earth’s crust, that may or may not extend to the surface of the ground. Dif- 
ferential movements along the earthquake rift may be large. In the California 
earthquake of 1906 the maximum differential movement along the San Andreas 
fault was about 22 ft and the maximum vertical movement, about 3 ft. It is 
obvious that a dam of the type under discussion would be badly broken if 
situated on the rift, especially if built with any form of facing mentioned in 


the paper, providing the movement took place under the dam. It is more than _ 


48 Transactions, Technical Soc. of the Pacific Coast, Vol. II, 


e- 
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probable that the dam would be destroyed. Earthquake rifts, as a rule, are not 
single cracks in the earth, but there is usually a zone that may be of a width 
up to half a mile or so, where, in the past, the earth has been subject to crushing 


~and movement. On account of the crushing of the rock, earthquake rifts or 


valleys are usually the site of streams where reservoirs are required for storage. 
The Coast Mountains of California, including the San Gabriel Range, are of 
this type where numerous earthquake rifts are found. It is the writer’s firm 
opinion that rock-fill dams should never be built in such places. _ The type does 
not lend itself to the inclusion of a movable joint such as the one built on the 
splendid masonry dam for Pasadena, Calif., on the San Gabriel River. 

The other earthquake effect mentioned by Dean Morris is that of the earth- 
quake waves that move outward from the rift and which are of sufficient 
energy to shake a large part of the earth surface with sensible effects. It is 
true that such waves might cause some settlement in a rock-fill dam. Two 


factors determine the magnitude of the effects. One is the intensity of the 
waves and the other, and more important, one is the nature of the foundation 


material upon which the dam rests. There has been no case that has come to 


- the writer’s knowledge where a rock-fill dam has been close to the origin of the 


waves. 
In the California earthquake of 1906, the Sierra Nevada was shaken, but 


- the waves were dampened by the granite core of the mountains. There were 


- several rock-fill dams in the mountains subjected to the waves (Items 12 oe LO; 


and 11 of Table 1, among others) but no damage was reported on these dams. 
They were situated about 120 miles distant from the earthquake rift on the 
San Andreas fault. It is believed that the behavior of the earth dams located 
close to the fault line will convey some information of the behavior of a rock-fill 
dam. A description of the earthquake effect on several earth dams is given in 
the report to the Society by the Committee on the Effect of the Earthquake on 


_ Water-Works Structures.?9 With afew minor cracks, the dams were uninjured, 


and the same is true of the large concrete dam of the Crystal Springs Reservoir, 
situated within a few hundred feet of the fault line. 
The foundation material is of the utmost importance in determining the 


~ movement of adam inanearthquake. The amplitude of the earth movements 


may vary from less than 1 in. in solid rock to as much as 12 in. in loose alluvial 
soils saturated with water. As the rock-fill dam should only be built on solid 
rock, or material that approximates solid rock, the dam will not be subjected to 
much movement. In practically all instances of rock-fill dams that have come 
under the writer’s observation in the Sierra Nevada, the foundation material is 


- granite. 


The settlements cited by Dean Morris, of fills on alluvial soils, mine dumps, 
and débris on steep mountain sides, do not represent the situation of a rock-fill 
dam located on bed-rock between two canyon walls. Mine dumps are usually 
found on side hills or in valleys with a cover of soil of some thickness. They 
are of small-sized rock, mixed with fine material. They would probably be 
shaken by an earthquake and some settlement would likely occur. The same is 
true of the miscellaneous débris on a mountain side that might be disturbed in 


49 7'ransactions, Am. Soc. C. E., Vol. LIX (December, 1907), p. 245. 
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such cases. ‘The small earth dam that failed at Santa Barbara was located on 
an alluvial soil and was undoubtedly badly shaken, as the earthquake rift passed 
close to the dam. 

It is the opinion of the writer that properly built, rock-fill dams, situated in 
mountains where a solid rock foundation is available, will not be distorted to a 
dangerous extent. The loose rock, when in place, is difficult to displace, 
excepting possibly on the down-stream face. This opinion is based upon the 
nature of the structure, the behavior of earth dams in an earthquake, and the 
fact that such dams as have been subjected to earthquakes have not been 
injured. However, the subject is an important one and the questions raised by 
Dean Morris are very pertinent. Until more information is obtained, the 
subject must remain an open one. 

Mr. Peterson’s statement regarding the rock used at Salt Springs Dam 
agrees with the idea that the writer desired to convey when the statement was 
made that individual rocks of fairly uniform size are desirable. More than 
one-half the rock was somewhat over 10 tons in weight; the excess fines were 
wasted, and as most of the fines that reached the dam were sluiced into the 
interstices, the rock that forms the main part of the dam was of fairly uniform 
size. Itis a matter of description. The writer must differ from Mr. Peterson 
in the use of water in sluicing. When rock from the quarry is dumped into the 
dam, the small rock and fines will accumulate at the top. Merely to allow 
water to run into the mass will not carry the fines into the dam as well as to 
have a stream of water from a nozzle under pressure directed against the mass. 
The water will then break up the fines and force them into the rock. If this 
is not done, the fines will accumulate as a layer and will not be properly sluiced 
into the dam. The writer agrees that the volume of water is very important. 
In addition to moving the fines to position, the water acts as a lubricant, 
assisting in the necessary settlement. 

The data, given by Mr. Howson, of three important dams with which he was’ 
connected, are of value as indicating methods of construction and the resulting 
settlement. It should be noted that the vertical settlement of Dix Dam, after 
eleven years, is slightly less than 1% of the height, which represents an ex- 
cellent fill. ‘ 

Mr. Harza raises an important point regarding the adaptability of a rock-fill 
dam to be used to create head for a power plant. On account of the nature of 
the rock-fill dam, repairs to the facing are generally necessary, whether the 
facing is of wood, concrete, or steel. This makes it necessary to draw down the 
reservoir. The writer is in complete agreement with Mr. Harza that the rock- 
fill dam is not a satisfactory type to be used for the purpose of creating head 
for a power plant. 

In practically all dams of the rock-fill type, the reservoirs formed by the 
dam are used for storage only, the water being drawn from the reservoir to 
augment the low-water flow of the stream. At Salt Springs there is a relatively 
small hydro-electric power plant that operates by the flow of the stream when 
the reservoir is full or when water is being drawn from storage. However, 
the real function of the reservoir, at an elevation close to 4 000 ft above sea level, 
is to provide water for a chain of power plants on the river below the reservoir. 
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Below the plants, the water is used for irrigation. Sabrina and South Lake 
Reservoirs (Items 13 and 14, Table 1) also provide water for a chain of power 
plants, after which it is used for irrigation. The reservoirs are at elevations 


~ close to 9 000 ft. Bucks Reservoir, at Elevation 5 160 above sea level, performs 
_ the same function for power and irrigation. Some of the reservoirs designated 


in Table 1 are used for irrigation. It is believed that rock-fill dams, in general, 
should be used to form storage reservoirs only. 
Mr. Huber has described in detail the timber facing of the Sabrina and 


- Hillside or South Lake Dams on Bishop Creek. These dams emphasize the 


merits of timber facing. On the dams as originally built, there was only a thin 
layer of dry rubble. The timber facing conformed to the settlement of the 
loose rock-fill without damage and when the facing was replaced, after twenty 
years of service, the new timber facing was placed against a fill in which the 
major settlement had taken pares The new facing may be expected to serve 
for many years. 

Mr. Fowler has added some interesting data on rock-fill dams in regions 
outside the United States and has given some comment upon the evolution of 
the type in California. Mention is made of the Relief Dam in this connection. 
Relief Dam can hardly be cited as illustrating one step in the evolution of dams 
in California. It was designed by the Consulting Board with a section different 
from the one built. There was no need for the large section of dry rubble, and 
as the work was done after the Board was no longer employed, it represented 
only the ideas of men unfamiliar with California practice. The evolution of 
the type used in California begins, as stated in the paper, with the dams on the 


- Yuba River, notably, the Bowman Dam, which was built over thirty years 


before Relief Dam. In the evolution of the type, the principal change has 
been to abandon the rubble facing of the down-stream slope and to increase 


_ the thickness of the rubble on the up-stream slope. The face slopes of recent 


dams have also been made with flatter slopes. At Relief, the major advance 
was the introduction of a concrete face. 

The Cogoti Dam, in Chile, was mentioned as the one where the facing was 
laid directly on the loose rock-fill without an intermediate cushion of dry 


rubble. The Sabrina Dam, built over twenty years previously, was sub- 
stantially of this type, the facing being of timber resting on a thin layer of 


rubble that was little more than an arrangement of stones to a uniform surface. 
It is illustrated in the paper, and additional information may be found in Mr. 
Huber’s discussion. 

The behavior of the laminated facings of the Algerian dams throughout the 
years will be of considerable interest. Contrasted with the California dams, 


~ the design of which is based upon the experience of over sixty years, the Algerian 


—s SO 


dams represent a radical departure. The writer may be allowed to express 
doubt regarding the permanence of laminated facings built of asphalt concrete, 
especially where it is necessary to spray the face with water during hot weather. 
It might happen that on some warm day the water spray will be omitted. 
It may be questioned whether a citation of the design of dams built in 
different parts of the world should be given comparable weight with those dams 
which have had a considerable life history and in which time has been given 
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to develop such defects as may occur during service. The dams cited by Mr. 
Fowler, in Algeria, Chile, and in China, are of recent construction. Informa- 
tion regarding their behavior during a few years of service will be of interest 
and may form the basis for conclusions differing from the ideas held when the 
dams were designed. 

Messrs. Steele and Dreyer have contributed, in their excellent joint dis- 
cussion, the most important data on the settlement of a large rock-fill dam that 
has ever appeared; that at Salt Springs Dam. The measurements extend over 
the five years of the life of the dam and (what is of great value) the measure- 
ments of settlement apply to areas of the dam face below the crest. It should 
be noted that the settlement under the combined rock weight and water load is 
not a maximum at the crest but is found on the slope of the dam. Settlement 
due to the weight of the rock occurs progressively during construction and will 
continue for years after the dam is placed in service. It is difficult to obtain 
the cumulative effect by direct measurement. The settlement under water 
load can be determined as stated in the discussion. Above the level of the main 
quarry (Elevation 3805), there was a fairly close agreement between the 
calculated settlement when the design was made and the measured settlement. 
Below that elevation the settlement was considerably greater than that as- 
sumed. It may be doubted whether any exact calculations can be made, as 
so much depends upon the nature of the rock and the methods used in the 
construction. However, the theoretical treatment is of value as indicating 
what may be expected at any time when the crest settlement is known or 
assumed. In time the crest settlement will increase and the face of the dam 
will tend to straighten. 

The necessity for additional thickness of rubble at the bottom and on the 
sides of the canyon walls is well stated, as is also the connection of the concrete 
face to the cut-off wall. The statements represent the experience of the en- 


a aad 


gineers who have been charged with the care of the dam. The writer is in 


agreement with the conclusions expressed in the discussion. 

Mr. Sanger has presented some data on the failure of the Eildon Dam, in 
Australia, and Mr. Kast has given a more extended description of the regrettable 
failure. The writer had occasion to discuss the paper by Mr. Knight,®° and 
certain statements were made in that connection. 

The presence of clay in the bed of the stream indicated that the material 
should have been removed. It may have been an important factor in the 
horizontal movement of the up-stream section of the dam. The concrete core- 
wall acted as others have done. Under the water load it deflected down stream 
over considerable lengths, the maximum movement at the top, to 1933, being 
over 7 ft. The thickness of the concrete core-wall was sufficient to have held 
the water, but there was added a vertical wall of clay, averaging 30 ft thick, 
an unnecessary feature. The rupture and movement of the up-stream rock-fill 
were undoubtedly due to the distortion of this clay, aggravated by the rock being 


squeezed into the clay under its own weight, and to the lubrication of the clay 
when submerged. 


5“ The Subsidence of a Rockfill Dam and the Remedial Measures Employe Bil 
Reservoir, Australia,” by R. G. Knight, Journal, Inst. C. B., March, 1938. hee ae 


- 
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The writer is in agreement with the conclusions expressed by Mr. Hast 
except that the fracture of the core-wall could not be attributed to the pressure 
of the clay wall in front of it. Even if the clay wall had been absent, the move- 
ment of the rock mass under water pressure would probably have produced 
the same result. It is one more example of a failure showing that a core-wall 
in the center of a dam is a feature to be avoided. 

Messrs. Gomez-Perez and Jinich have described in detail the building of 
five important rock-fill dams in Mexico, the design of which follows, in general, 
that of California dams. Some comment may be offered on certain features of 
design. 

There seems to be a tendency in the later dams to use a flatter slope on the 
up-stream side, the reason being that, on the whole, this form is cheaper. The 
dams were built in layers of relatively small height. There seem to be good 
reasons why thicker layers would be better, as referred to later. Opinions will 
differ on this idea, as there are arguments to be presented on both sides. The 
writer is impressed with the small dimensions of the facing slabs, as experience 
elsewhere indicates that larger slabs can be used. In general, it would seem 
that the Mexican engineers have built dams that are adapted to the location, 
where there is cheap labor and where the importation of expensive machinery 
was not possible. 

Mr. Reed has presented interesting data regarding San Gabriel Dam No. 2— 
the causes and results of the partial failure and the destruction and removal 
of the laminated concrete facing. 

Other discussers have contributed important data and information of a 
general nature that does not call for detailed comment. There are certain other 
~ elements referred to in the several discussions, upon which the following ob- 
servations are made. 

A number of those who discussed the paper have disagreed with the writer 
regarding his statement that no gates of any kind should be placed in the spill- 
way. The conclusion, as expressed, was reached after a study of dams that 
have been destroyed, either earth or rock-fill. The first principle that must 
be borne in mind is that safety of the structure must, at all times, be assured as 
far as it is humanly possible to do so. The danger to life and property that 
exists on every stream below the dam is the major consideration that should 
guide an engineer in making the design. It is true, as Mr. Fox states, that 
rock-fill dams are very stable and will resist some water over the crest without 
failure. Bear River Dam (Item 10, Table 1) was overtopped in one flood 
without failure. However, three fairly large dams were destroyed by being 
overtopped, due to inadequate spillways: Walnut Grove, Lower Otay, and 
Castlewood Dams (Items 4, 5, and 8, Table 1). It is obvious that a sufficient 
quantity of water over a rock-fill dam will wash it out, and that in three cases 
at least, this destruction has occurred. 

It will be argued that the gates will be opened in time of flood and thus pre- 
serve the dam. There are reasons why the gates may not function at the 
proper time. The operating force will grow negligent and will fail to draw 
down the reservoir at the proper time, if at all. Storms and resulting floods 
are sudden, especially in mountain areas where a warm rain falling on snow will 
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bring down a maximum flood in a few hours. Again, rock-fill dams, as a rule, 
are built in remote locations and usually only one or two men are in attendance 
at the dam. ‘The failure of a power line, or the failure or inability of the at- 
tendants to operate the assumed gates, may cause the overtopping of the dam. 

A further argument is found in the fact that the exceptional flood will bring 
into the reservoir trees and brush that have accumulated over the years, many 
of large size. This is a common result of the exceptional flood, noted in many 
instances. The débris will accumulate against the gate structures, in spite of 
fender logs. The spillway thus clogged will fail to function and the water will 
gooverthedam. Many years ago the writer was connected with the rebuilding 
of an earth dam that had been washed out due to clogging of the spillway by 
débris brought into the reservoir in the flood caused by an exceptional storm. 
The spillway was formed by openings provided with gates placed between 
masonry piers. It had functioned for over fifty years without damage but 
failed in the exceptional storm and flood and the dam was washed out. 

In a storage reservoir created by a rock-fill dam there is no need for gates. 
The dam and the reservoir capacity can be ascertained from a study of stream 
flow and the requirements of storage. The spillway can be located at the 
proper elevation and gates to regulate the elevation of water are unnecessary. 
However, the major factor in reaching a decision is found in the fact that rock- 
fill dams have been, and can be, destroyed by being overtopped by water. 
Gates in the spillway have failed to function at times, and since no effort should 
be spared to make the structure safe in view of the possible loss to life and 
property, an open spillway of large size, capable of passing all floods with 
attendant débris, should be provided at all dams. The writer emphatically 
repeats the statement of the paper that no rock-fill dams should have a spillway 
dependent upon gates of any kind. 

The subject of settlement requires further explanation. The statement of 
the writer that settlement might be 5% of the vertical height referred to settle- 
ment of the loose rock-fill during construction and before the building of the 
rubble cushion and the impervious face. This was made to emphasize the 
necessity for deferring the construction of the other two elements of the dam for 
as long a period as possible after placing the loose rock-fill. If the dam has 
been properly constructed, the final settlement may be less than 1% of the 
height, although it will continue to settle for a long period of years. Much 
depends upon the manner in which the fines have been sluiced into the dam. 
An extreme case is found in San Gabriel Dam No. 2, where no sluicing was done 
during construction. During the first heavy storm the dam settled about 
12 ft, wrecking the facing. The data of settlement-at San Gabriel Dam No. 2, 
given by Mr. Baumann, seem to refer more to the relation between the quarried 
rock and the volume within the dam. In general, the settlement discussed 
herein refers to the settlement during construction and especially after the 
completion of the dam. 

The problem of settlement is one of the most difficult to solve in the con- 
struction of rock-fill dams. : The higher the dam, the more important becomes 
the problem. Settlement is intimately connected with the methods used in 
construction, In some dams, as in Algeria, the engineers have gone to the 
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_ extreme of making the entire dam of rubble. In others, the loose rock-fill has 


been deposited in relatively thin layers. There are reasons for so doing, but 
there seem to be better reasons for the construction of the dam in deep layers. 


~ The loose rock, dumped at the top of a fill (say, 100 ft in height), rolls down the 


slope and by its impact, beds itself among the other rock. It does not merely 
rest upon a point, because the rock is crushed to a bearing. The fill in such a 
case is not merely a mass of rock loosely dumped together. The rocks are 
wedged among each other and form a compact mass, differing greatly from a 
loose mass. It is quite true that the smaller rock accumulates at, or near, the 
top of the slope, but the general effect is a compacted mass. 

On the other hand, the definition of rubble contains a wide variety of ideas, 
which are difficult to describe. It is quite possible to build such a wall that 
will have but little settlement and also to build one that will act in the reverse 


manner. Merely to place the rock by hand or derrick will not necessarily 


produce a compact mass. The final results may furnish a means of comparing 


2 the loose rock-fill with one of rubble. In Algeria the Ghrib Dam was built 
- entirely of a rubble fill, and a settlement of 0.8% of the height took place, 


presumably in the first year, while on the contrary, the loose rock-fill at Salt 
Springs had settled at the crest, only 0.6% of the height in five years. In 
eleven years the Dix Dam has settled less than 1.0% of its height. The 
sluicing of the fines into the mass of the dam is an important factor in reducing 
the total settlement. 

The position of the impervious element seems to be agreed on, but some 
dams have recently been built with the element placed as a vertical wall in the 
center of the dam. At the Eildon Dam, the top of the vertical core-wall, 


about 140 ft high, was moved down stream, a distance of about 7 ft as a maxi- 


mum when the reservoir was filled. At one of the dams in Tunis, with a hollow 
concrete central wall, about 115 ft high, the crest moved down stream about 


_ 2 ft 8in. on the first filling of the reservoir. The wall wasruptured. The plan 


of using a central core-wall seems to have arisen from the idea that the weight 
of the rock-fill is vertical and ignores the effect of water pressure. The actual 
forces are made up of the rock weighing about 100 lb per cu ft, which acts 
vertically, and the weight of water at 62.5 1b per cu ft, which acts horizontally. 
The two forces are of the same order of magnitude and the resultant causes a 
‘compression of the material of the dam in a direction that is represented by the 
resultant of the vertical and horizontal forces. The movement off the core-wall 
down stream and its possible rupture may be foreseen. 

The material of the impervious face was described. In the case of a con- 
crete facing it is believed that a laminated face is unnecessary and will tend to 


be ruptured. At San Gabriel Dam No. 2 the laminated face was badly rup- 


tured, and it was necessary to install a wooden facing to take its place. It 
should be recognized that the concrete facing is a very thin element compared 
to the dimensions of most dams. It is subjected to many forces during settle- 
ment which requires that it be of sufficient thickness of integral concrete to 
withstand distortion. A laminated facing will not perform this function to 
any great extent. Although much of the discussion has centered around con- 
crete as a material for facing, the writer is of the opinion that timber is an 


1894 GALLOWAY ON DESIGN OF ROCK-FILL DAMS Discussions _ 


excellent material for the purpose. It will follow the distortion due to unequal 
settlement and may be renewed, as mentioned by Mr. Huber in his description 
of the renewal of the facing of Sabrina and Hillside Dams. In this remote 
location, a timber face is cheaper and is all that is required. The writer also 
believes that a steel facing has similar good qualities to recommend it. It is 
permanent and the cost will be a determining factor. 

The discussion has centered around some of the higher dams, of which Salt 
Springs, with a height of 328 ft at the center, is the highest yet built. The 
higher the dam, the greater the total settlement. The rigid facing, resting as 
it does on the rock-fill, must move during the settlement. At the bottom and 
sides of the canyon it must be attached to the rigid cut-off wall. The result is 
that expansion joints must be installed. Their design is difficult. The com- 
ment of Messrs. Steele and Dreyer on the experience at Salt Springs illustrates 
this point. Although individual situations will always determine the height 
and selection of the type of dam, it is the belief of the writer that rock-fill dams 
of a height approximating 200 ft represent about the advisable maximum. 

The writer desires to express to those who have discussed the paper his 
appreciation of their kindness in so doing and for the data given. It is be- 
lieved that the entire discussion will furnish information of value to those who 
may have before them the problem of designing dams. 
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MULTIPLE-STAGE SEWAGE 
SLUDGE DIGESTION 


Discussion 


By A. M. Rawn, M. Am. Soc. C. E., A. PERRY BANTA, Assoc. M. 
AM. Soc. C. E., AND RICHARD POMEROY, Esq. 


A. M. Rawn,® M. Am. Soc. C. E., A. Perry Banta,?4 Assoc. M. Am. 
Soc. C. E., anp Ricwarp Pomeroy,” Esa. (by letter).%>*—Replying to Mr. 
-_ Moore’s question about water temperature in the heating coils: When the 
rate of heat conductance was 13 Btu per hr, per sq ft of pipe surface per 
degree Fahrenheit of temperature differential, the test records show that the 
temperature of heating water into and out of the heating coils was 180° and 
143° F, respectively. After the coils were cleaned and the conductance rate 
was 54 Btu, the temperatures were 151° and 113° F, respectively. The 
writers’ observations confirm Mr. Moore’s comment that higher temperatures 
of the circulating water accelerate lime deposit on the coils. Design data for 
the District tanks contemplated a maximum temperature in the coils of 
135° F, but the tanks are handling more than twice the sludge originally 
contemplated, and it is necessary to raise the circulating water temperature 
correspondingly. 

The writers deemed it impractical to attempt to derive coefficients of heat 
loss through the outside tank walls, as suggested by Mr. Moore, because the 
gross heat loss of 1 200 000 Btu per day includes, inseparably, the radiation 
losses and the endothermic (or exothermic) requirements of the bacterial 
process. The mild climate of California further complicates the problem. 

Mr. Keefer questions the temperature measurements. The quantity of 
_ heat added to the sludge by the heating water was determined by metering the 

Nore.—The paper by A. M. Rawn, M. Am. Soc. C. H., A. Perry Banta, Assoc. M. Am. 
Soc. C. E., and Richard Pomeroy, Wsq., was presented at the meeting of the Sanitary Hngi- 
neering Division, New York, N. Y., January 16, 1936, and published in November, 1937, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows : January, 


1938, by Edward W. Moore, Hsq.; March, 1938, by Messrs. Willem Rudolfs and H. 
Heukelekian, and Hermann Bach; and September, 1938, by C. E. Keefer, M. Am. Soc. C. E. 


23 Asst. Chf. Engr., Los Angeles County Sanitation Dists., Los Angeles, Calif. 
24 Asst. Engr., Los Angeles County Sanitation Dists., Los Angeles, Calif. 

25 Research Chemist, Los Angeles County Sanitation Dists., Los Angeles, Calif. 
25a Received by the Secretary October 10, 19388. 
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flow, and by measuring the temperature of the water entering and leaving the 
tanks, with a mercury thermometer that could be inserted into the stream at 
several locations. ‘Temperatures were read to 0.5° F and averages of sixteen 
days were taken. It is believed that the error in the value for heat input is 
probably less than 3 per cent. Temperature of the raw sludge was assumed 
to be the same as sewage temperature, the latter being read three times daily. | 

Temperatures in the tanks are read daily to the nearest degree by means 
of thermo-couples placed near the middle of one of the side bays of each tank. 
In the first tank there is some uncertainty as to the values due to local temper- 
ature differences, as presented by Mr. Keefer; consequently, these values are 
not relied upon in attempting to ascertain the heat effect of the process. 
However, the differences are not great, as Table 7 shows. When the measure- 
ments in Table 7 were made, readings were also taken at three depths in the 
west bay of Tank No. 1, Battery A, at a distance of 1 ft from the heating 
coils, giving values of 85.2°, 85.2°, and 86.8° F. The average is only 2.1° higher 
than at the middle of the bay, accounted for by agitation due to vigorous 
digestion, and to the absence of extensive stratification of solids at that time 
(see Fig. 4(b)). 

Concerning the second, third, and fourth stages, the rapid flow of the 
sludges, the vigorous digestion, and the fact that no heat was added and little 
was lost, are reasons for believing that the temperature must have been quite 
uniform throughout those tanks. Hence, the routine thermo-couple readings 
are probably representative of the average temperatures. Sixty-six readings — 
in the third and fourth stages, taken during the period of the heat-effect study, 
all showed 85° F. In the second stage there were twenty-seven readings of 
85° F, four of 86° F, and one of 87° F. Thus, the indicated loss from the 
- second to the fourth stage was 0.19° F; but since a consistent effect as great 
as 0.5° might escape notice, it was reported that the fall in temperature “‘was 
less than 0.5° F.” . . 

The estimated difference in free heat between the raw sludge and the 
digested sludge depends upon the raw sewage temperatures, the temperatures 
in the fourth tanks, and the measurements of the quantity of sludge pumped. 
The latter quantity was obtained from pressure readings, and thus represents 
the actual weight of sludge pumped, free from any error due to entrained gas. 
Seeding had no effect upon these calculations, since seed was taken from the ; 
fourth tank. It is believed that the error in the free-heat difference is probably — 
less than 10 per cent. On the basis of experimental error, it would be very 
difficult to account for the difference between the possible endothermic effect 
in this digestion system and the results of Messrs. Keefer and Kratz. 

_ It was not intended that any question should be cast upon the validity of 
the results reported by Messrs. Keefer and Kratz. As has been noted in the 
discussions by Mr. Moore and by Mr. Keefer, different behavior in respect to 
the heat balance may be expected from different sludges. The data were 
presented to contribute some further information obtained under different 
conditions. Unfortunately, the data do not allow an exact evaluation of the 
heat effect, since the heat lost to the surroundings cannot be determined. 
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The results do show that the process was not accompanied by an endothermic 
effect as large as that observed by Messrs. Keefer and Kratz. 
The writers wish to minimize the significance of the greater weight (7%) 


of gas produced when compared with the weight of organic matter destroyed. 


The observational basis of the indicated difference is weak and, therefore, the 
experimental error may be relatively large. Furthermore, this value (7%) 


takes no account of the carbon dioxide, ammonia, and volatile acids lost from 


samples of new or digested sludge upon drying during analysis. The theo- 


retical basis of such a difference is well established but the derived value (7%) 


should not be considered a precise empirical value. 

Regarding scum accumulation, Messrs. Rudolfs and Heukelekian state: 
“Tf the digestion time is insufficient the mass of scum eventually becomes so 
large that the capacity of the tanks is reduced materially and the scum must 
be taken care of by other means.” That this situation does not apply to the 
installation under discussion is witnessed by the digestion experiments con- 


_ ducted on samples of the scum. It was found that, for the first four days 
after removal from the tank, scum from the first stage produced gas at a rate 


of 5.0 liters of gas per liter of scum, whereas the highest measured rate of gas 
production from the first stage taken as a whole was 3.11 liters of gas per liter 


of sludge (see Table 5). It seems quite likely that after twenty-five months 
of operation, conditions regarding scum accumulation may be considered 


static (see Fig. 4). Tanks were emptied because of the condition of the 


heating coils, not because of scum accumulation. 

No pronounced difference has been noted in the drainability of sludge from 
the tanks and from the pit. Detail results are at hand relating to fourteen 
beds of sludge drawn during the period of these tests. Five beds from the pit, 
averaging 4.49% solids, lost from 16% to 37% of their water in 16 hr, the 
average loss being 28 per cent. Nine beds from the tanks, averaging 4.77% 
solids, lost an average of 26% of their water in the same length of time—the 


‘slight difference being in the direction that would be expected from the variation 


in solids content. No explanation is apparent for the erratic variation of 


individual beds. 
Exactly at what point a sludge is ‘‘well-digested” is a moot question. 
The writers believe that a well-digested sludge is one that drains and dries 


without attendant nuisance, in a reasonable length of time. Freedom from 


nuisance in drying seems to be closely connected with the content of volatile 
organic acids. Experience at the plant under discussion indicates that sludge 
that has less than 200 ppm of volatile acids can be placed on the drying beds 


with positive assurance that it will not breed house flies and that there will be 
no objectionable odors. As for drainability, it is doubtless true that, in 


Se 


general, prolonged digestion will produce a sludge which drains rapidly. 
However, in a separate sludge digestion system it is not economical to aim for 
the ultimate in drainability. Sludge beds are usually cheaper than digestion 
tanks. 

In Mr. Bach’s discussion of the optimum relative size of stages in a digestion 
system, the writers do not concur in the desirability of proportioning the 
stages so that an equal volume of gas is produced from each stage. Admittedly, 
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there is little technical information on which to base the choice and, in the 
installation under discussion, judgment and operating and structural con- 
siderations have dictated. 

Mr. Bach has misinterpreted Column (7) of Table 6. This column was 
meant to indicate that, of all the gas produced in the digestion tanks, plus the 
gas produced with 21 days additional detention time, about 88% was produced 
in the tanks and 17% was produced in the 21 days of additional detention time. 

Seum at this plant contains entrained sludge particles, seeds, matches, 
hair, bits of rubber, and other light débris. The fact that the moisture content 
is only 85% and that the surface is in contact with sludge gas does not seem 
to inhibit active digestion as is suggested by Mr. Bach. That it is the seat 
of active digestion has been demonstrated previously. The sludge gas is 
saturated with moisture and has no drying effect. 
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OBSERVED EFFECTS~OF GEOMETRIC DISTOR= 
TION IN HYDRAULIC MODELS 


Discussion 


BYsE Hs) PAYEOR; J UN-sAM.. SOC. GC.” B 


EK. H. Taytor,® Jun. Am. Soc. C. E. (by letter) .°“—The fact that geometric- 
distortion of river models is theoretically invalid has long been recognized. 
Solution of the model equations for a number of effects—for example, back- 
water, tractive force, or transverse slope at a bend—leads to the conclusion 
that L, = d,, or that the distortion ratio should be unity. Tests conducted at 
the Hydraulic Laboratory of the University of California at Berkeley, Calif., 
during 1935 and 1936 support Recommendation (1) that ‘‘geometrically dis- 
torted river models should be avoided whenever suitable undistorted models 
can be constructed at reasonable cost.” 

In an attempt to determine the effect of geometric distortion upon the bed 
configuration of a movable bed model, an arbitrary prototype was constructed 
in a channel 1 ft wide, and its model was built in another channel to a horizontal 
reduction scale of two. The model was constructed so that it could be operated 
as either a distorted or as an undistorted model. Arbitrary rates of flow were 
set“up in'the[prototypefso.as to,produce definite bed configuration about certain 


! | | 
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(a) HIGH DEGREE OF TURBULENCE (b) LOW DEGREE OF TURBULENCE 


Fig, 6.—ARRANGEMENT DESIGNED TO PRODUCE TURBULENCH 


simple obstructions which could be easily modeled in the smaller channel. 
The obstructions, or baffles, about which the flow was made to pass, were built 
to cause either a high degree of turbulence, or to allow the flow to proceed 
smoothly. Shown in Fig. 6 are plan views of two of the arrangements used, in 
which w = channel width (either 12 in., or 6 in.). 


Notre.—The paper by Kenneth D. Nichols, Jun. Am. Soc. C. B., was published in June, 
1938, Proceedings. Discussion on this paper has appeared in Proceedings, as tollows: 
September, 1938, by Herbert W. Ehrgott, Esq. 

6 Instructor, Mech, Eng., Univ. of California, Berkeley, Calif. 


6a Received by the Secretary August 22, 19388. 
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No attempt at “verification” of the prototype bed configuration was made, 


q 


but discharges and lengths of time for the model were calculated on the basis — 


of the Froudian law of similarity. At the conclusion of each test, the elevations 
of the prototype and model beds were compared at a large number of cor- 


responding points and an error curve was prepared. Fig. 7(a) shows the rela- 


tive correspondence of the distorted and undistorted model to their prototype 
obtained from a typical set of runs. The agreement between models and proto- 
types was found to be superior for the condition represented by Fig. 6(a). 


16 - . 
Undistorted Model 


Distortion Ratio of 2 


Percentage of Total Number of Observations 


—40 


0 
Bed Elevation 


aces So Ser ng LO OF BED ELEVATION AT CORRESPONDING POINTS OF MODEL AND 
OTOTYPE IN PERCENTAGE OF MAXIMUM DIFFERENCE IN BED ELEVATION 


Fig. 7(b) shows the relative correspondence of undistorted models of Arrange- 
ments A and B to their respective prototypes. It was concluded that: 


(1) Undistorted models more truly represent their prototypes than distorted 
models; and, 


- 


(2) If Froude’s law is used as the model criterion, models of highly turbulent . 


systems are more faithful than models of relatively smooth flows. 
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The writer’s understanding of ‘model verification” of movable bed models 
is as follows: A known hydrograph covering a certain period of time in Nature 
is simulated in the model. Several trials may have to be made, adjusting the 
model discharge, slope, or time, until a certain combination of hydraulic condi- 
tions is obtained whereby the model reproduces the natural bed condition. 
The model is then said to be adjusted, and the assumption is made that these 
experimentally determined hydraulic conditions fix the proper ratios for dis- 
charge, time, etc., for the particular model. The model is then assumed to be 
capable of indicating future changes in bed conditions which would be due, 
perhaps, to proposed training works. 

It may be reasoned, however, in view of the foregoing Conclusion (2) that 
the degree of turbulence, or nature of the flow system, is a factor that in- 
fluences the discharge or time scale necessary to produce similarity of bed 
configurations between a model and its prototype. Thus, the introduction or 
removal of groynes and dikes in the model stream would effectively alter the 
turbulence which would seem to invalidate the experimentally determined 
model ratios. The matter of movable bed model “verification” impresses the 
writer as being somewhat uncertain. 
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THE THREE-POINT PROBLEM IN A 
GO-ORDINAMED RIPE 


Discussion 
By Messrs. OscAR S. ADAMS, AND GEORGE D. WHITMORE 


Oscar 8. Apams,? Esa. (by letter) .2@—Many papers dealing with the three- 
point problem can be found in periodicals devoted to engineering and surveying. 
Any treatment of the subject by means of co-ordinates must necessarily depend 
upon the same principles. The paper by Mr. Rowe is developed in a very 
complete manner and it should be useful to any surveyor who may wish to take 
advantage of this method of connection to control. 

The U. 8S. Coast and Geodetic Survey is following the practice of computing 
the plane co-ordinates of all the triangulation stations on the State plane- 
co-ordinate systems. In the end every station will have its plane co-ordinates 
given as well as its geodetic position. For some States this work is already 
practically completed and, in course of time, this will be true of all the States. 
In any region that lies near the various arcs of triangulation, tanks, steeples, 
and other such objects, are located by intersection observations. This work 
should form a good basis for the application of the three-point fix. 

Besides the work of the Coast and Geodetic Survey, the U. S. Geological 
Survey, the Corps of Engineers of the U. S. Army, and other surveying and 
engineering organizations have located many prominent objects in the vicinity 
of their operations. All these stations can be used indiscriminately if they 
are all computed on the same basis and are mutually dependent for their 
datum. Of course if they are not so co-ordinated, each would have to be 
used independently of the others. The Coast and Geodetic Survey developed 
the State plane-co-ordinate systems with the hope that all other organizations 
would make use of them in their work and that all work would be tied to the 
control net of the country. If this hope should be realized, all work of the 
various organizations would be on a common basis, and all results would have 
a permanent value for any succeeding work. If this could be accomplished 


Notn.—The paper by R. Robinson Rowe, M. Am. Soc. C. E., was published in June, 
1938, Proceedings. This discussion is printed in Proceedings in order that the views ex- 
pressed may be brought before all members for further discussion of the paper. 

?Senior Mathematician, U. S. Coast and Geodetic Survey, Washington, D. C. 

2a Received by the Secretary July 28, 1938. 
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there would be a great mass of data available for use in many regions where 


now there is great lack of such control. 


The three-point fix has a practical and valuable use in hydrographie sur- 


~ veying, in determining locations offshore, and in plane-table work in topo- 


graphic mapping. A three-point location, however, even when dependent on 
accurately located stations, is not of sufficient accuracy to justify its use in the 
extension of control, except for surveys of the lower order. The use of inter- 
section stations is not advocated as the basis of control for second-order surveys 
and little dependence can be placed, as far as control is concerned, on a three- 
point location which is based upon tanks, steeples, water towers, or intersection 
stations of any kind. 

In army operations in time of war, much use is made of this method of 
determining positions. The Allied Armies in France had a method of com- 


_ putation for the three-point fix dependent upon the grid system in use in the 
_ World War Zone. This method, of course, depended upon plane co-ordinates. 


The author is to be congratulated upon the excellence of his development of 


_ the computation formulas. The treatment is logical and the resulting formulas 


would be easy of computation with an ordinary calculating machine. The 
discussion of the accuracy of the results is very well done. . As a final word, it 
is desired to repeat the warning against the use of this method where any 


- accuracy of location is essential. As already stated, it has its use—and an 


important use—but as control for further work, it is not to be employed even 


_ under the most favorable circumstances. 


Corrections for Transactions: In Equation (18) numerator should read 


3 **(6’’) ab’, not ‘‘(6’’)®”’; and in Fig. 3, the scale in right-hand corner should 


read ‘‘Scale in Hundredths of Feet.’’ 


Grorce D. Wurrmore,? M. Am. Soc. C. E. (by letter).*—As shown by 


- the author, three-point triangulation has a definite place in modern surveying 


and mapping practice. For its successful use, however, its peculiar charac- 


_ teristics and limitations must be recognized. For example, it may be said that, 


in general, a horizontal position established by three-point triangulation (re- 


gi section) is never as strong as the position established from the same basic 


control stations by “cuts’’ (intersection). Furthermore, it is true that there 
are many instances in which the position from a three-point determination 
might be uncertain or even unsolvable, whereas the same position might be 
strong if the intersection method of “cuts” were used. In many cases, the 


_ strength or weakness of a three-point location is not immediately apparent to 
the field man, this being a rather serious disadvantage if the basic control 


stations are scarce and if advance planning of the field work is not practicable. 
Three-point triangulation can often be used to advantage, however, under 


_ the following conditions, if too high an order of accuracy is not required: 


(1) When it is not practicable to occupy the basic control stations (for 


example, if the basic control includes a large percentage of spires, cupolas, 


Cee eee 


3Chf. of Surveys Section, Maps and Surveys Div., TVA, Chattanooga, Tenn. 
3a Received by the Secretary October 3, 1938. 
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stacks, towers, etc., impossible to occupy with an instrument for “cut-in’”’ work 
without an expensive building for instrument support) ; 

(2) When the basic control is already signaled (in this case, under the 
three-point method, no new construction would be required except for instru- | 
ment supports at the three-point stations) ; 

(3) When the ratio of new supplemental stations to existing basic stations 
is high (obviously, it would be cheaper to construct a few signals at the existing 
basic stations for three-point observations than to construct many signals at 
the new supplemental stations for ‘‘cut-in”’ observations); and, 

(4) When flexibility in the observing schedule is required. 


During the two years, 1937-1938, in connection with a topographic mapping 
project in the Tennessee Valley, more than 700 three-point stations have been 
established as detailed horizontal control. The terrain being mapped under 
this program includes several thousand square miles in the Appalachian Moun- 
tains of Eastern Tennessee and Western North Carolina, and is generally 
heavily wooded and quite inaccessible. There are many peaks with elevations 
that exceed 5000 ft, the floors of the valleys averaging about 1200 ft. The 
basic control already in existence consists of the first-order and second-order 
triangulation of the U. 8. Coast and Geodetic Survey, with about one station 
to each 50 sq miles; and third-order triangulation of the U. S. Geological Survey, 
with an average of one station for each 12 sq miles. It is necessary to supple- 
ment this basic control with additional stations averaging about one for each 
4 sq miles. Three-point triangulation is the principal method used to estab- 
lish this supplemental control. 

The mapping of this area is by the stereo-topographic process, using aerial 
photographs. Because of the characteristics of this method, the supplemental 
control stations must be established in certain restricted locations, namely, in 
the common overlap areas of several photographs, and close to some definite 
point which can be identified on all the overlapping photographs. Thus, there 
is very little latitude in selecting the locations of these supplemental control 
stations. Furthermore, the observing schedule is such that it is not practical 
to “cut in” all supplemental stations with one visit to each basic control station. 
If the ‘‘cut in’? method were used, many return visits to these basic control 
points would be required. Under the three-point method, only one trip is 
made to each basic control station, at which time specially designed pyramid 
signals are erected, and precise vertical angles measured for the determination 
of elevations on these basic stations. 

In order to meet the accuracy required by the maps, the horizontal position 
of each supplemental control station must be correct to within 10 ft in relation 
to the basic control, the horizontal plotting scale of the map being either 
1: 10000 or 1: 15840. To obtain this fourth-order accuracy in the three- 
point locations, repeating theodolites are used, equipped with verniers reading 
to 0° 0’ 20”. Six repetitions direct and reverse are taken on each ‘angle, in- 
cluding the angle closing the horizon. The lengths of the sights occasionally 
run as high as 10 miles, and average 4 to 5 miles. Usually four or more basic 


c 
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control stations are visible from each three-point station, all near-by visible 
basic stations being observed, of course. 

Karly in this program the advantages of making all computations and 
adjustments of three-point stations in a co-ordinated field were recognized. 
The State-wide plane co-ordinate systems originated by the Coast and Geodetic 
Survey were adopted as the computing medium. It is interesting to note that 
the formulas developed by the computing staff for the solution of the three- 
point locations are substantially the same as those developed by the author. 
A simple and “‘fool-proof’”’ computation form, based on Equation (10), has been 
in useforsome time. The angular value of Z is obtained by an inverse solution 
as a part of the routine check on the work. The research in developing these 
computing and adjusting methods was done principally by W. O. Byrd, As- 
sistant Mathematician, working under the close direction of C. C. Miner, 


_ Assoc. M. Am. Soc. C. E., head of the Surveys Computing Staff of the Tennessee 


Valley Authority. 

The formulas developed by the author to determine the “relative weight and 
figure strengths” are very useful and have an important application. For the 
successful utilization of three-point triangulation, it is absolutely necessary to 
avoid weak figures. The Surveys Computing Staff has made extensive use of 
this principle, not so much in the refined adjustment of the three-point figures, 
as in selecting the strongest figure from which to establish each three-point 
position. 

The experiences of this same organization indicate that a refined or delicate 


: adjustment of a three-point position is not justified unless the basic control is of 


a high order of accuracy, and located so as to provide several reasonably strong 
figures for each three-point location. When these conditions do not exist, the 
method used has been to select the strongest figure and base the determinations 
entirely upon that figure. The remaining pointings are then used as checks on 
the work. These checks are made rapidly and consist of comparing the ob- 
served directions with the computed directions. 

Occasionally, it has been found desirable to determine the most probable 


- value of a three-point position by taking advantage of all observations to all 


basic stations. The least squares method of adjustment,‘ is very satisfactory 
and can possibly be made in less time than the “cut-and-try”’ method advanced 
by the author. An experienced computer can complete such an adjustment 


with pointings on five stations in less than 2 hr. 


The method of establishing elevations at three-point stations in connection 


with the topographic mapping project may also be of interest. Elevations are 


equired to be correct to within 4 ft, with respect to the nearest basic vertical 
control, the contour interval being 40 ft, with half-interval, 20-ft contours being 
shown in all flat and critical areas. Elevations are first established on the 


- basic control stations, either by spirit leveling, or by vertical angles of a high 


— 


degree of precision. To determine the elevation of a three-point station, 
vertical angles to each of the visible basic control stations are read, the measure- 


4 Special Bulletin No. 138, U. S. Coast and Geodetic Survey, p. 114. 
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ment consisting of two readings with telescope direct and two readings with 
telescope reversed, using a vertical circle reading to 0° 0’ 20”. Then, utilizing 
the horizontal lengths computed from the three-point problem, the observed 
vertical angles, and a field-determined coefficient of refraction, the difference of 
elevation between the three-point station and each basic control station ob- 
served upon is computed. Each basic control station observed thus furnishes 
an elevation for the three-point station, the final elevation of the new station 
usually being the mean of the elevations from the various basic stations. 


Se 
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WIND FORCES ON A TALL BUILDING 


Discussion 


By Messrs. DAVID CUSHMAN COYLE, AND CLYDE T. Morris 


Davip CusHMAN Coy ez,’ M. Am. Soc. C. E. (by letter).°*—In the design 
of slender towers to be occupied by paying tenants, the proper criterion is not so 
much strength against being blown down as a feeling of solidity noted by the 
tenants during high winds. Few cases will be found in which the requirements 
of sensation do not give a tower of a highly conservative design as to strength. 

The theory advanced by H. V. Spurr,!° M. Am. Soc. C. E., is adaptable to a 
sensation criterion, since it involves forcing the floors to remain plane, thus 
facilitating the mathematics of cantilever vibration analysis, and since it also 
involves as an arbitrary constant the allowable static deflection. 

For the purpose of analysis for sensation, the writer would modify the 
(wholly nominal) assumed wind load used by Mr. Spurr. Instead of 0 at the 
street line and 30 lb at the top, the writer would use 0.03 h lb at the top, which 
is 30 lb at Elevation 1 000. 

There are two assumed constants to be used in the proposed modification of 
the Spurr theory, both of which may be refined by research. One is the abso- 
lute allowable wind loading, a value to be used in checking the design to guard 
against overturning. Professor Rathbun points the way to a method of 
evaluating this constant. Obviously, it is not a real pressure per square foot, 
evenly distributed over the building; nor does it have a relation to anemometer 
readings that can be discovered by logical analysis. However, if a series 
of readings of static deflection can be obtained and correlated with anemom- 
eter readings, and if the stiffness of the towers thus treated is known, it is ob- 
viously possible to obtain a nominal wind load varying from 0 at the bottom 
to f(a) h at the top, that would produce, theoretically, the observed deflection 
(f(a) is a function of the anemometer reading). 

The stiffness of existing towers must be measured in order to analyze the 
foregoing factors. Generally, the designer must deal with irregular spacings of 


Nore.—The paper by J. Charles Rathbun, M. Am. Soc. C. E., was published in Sep- 
tember, 1938, Proceedings. This discussion is printed in Proceedings in order to bring 
the views expressed before all members for further discussion of the paper. 

®Cons. Engr., New York, N. Y. 

®@ Received by the Secretary October 10, 1938. 

10“ Wind Bracing,’ by H. V. Spurr, McGraw-Hill, 1950. 
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columns, offsets, and other anomalies. The mathematical treatment of this 
problem was published by the writer in 1932.” 

Using the observed period of vibration, and the estimated actual dead 
and live loads, the actual stiffness can be determined and expressed in assumed 
nominal wind load per inch of static deflection. This is a different kind of 
quantity from the wind load previously mentioned. That is, a maximum wind 
load of some kind will be imposed by Nature, and the only question in this 
regard is to find a nominal load which, when applied to the analytical formula, 
will result in a tower that will stand up. On the other hand, the stiffness is an 
intrinsic quality of the building definable as a ratio between load and deflection, 
and has no concern with whether a load of that form or size could ever exist in 
Nature. 

Thus, by knowing the period of vibration—easily observed with a seismo- 
graph—and the weights, the true over-all stiffness of towers (including effects of 
steel and masonry) is easily found. Using this known stiffness, it will be possi- 
ble, at considerable expense for research, to find, roughly, the proper absolute 
nominal wind load for design of stability. 

Thereafter, a maximum hurricane of any specified velocity could be assumed 
as measured by the anemometer, and the wind diagram to be used in checking 
for over-turning could be derived therefrom. 

There remains the problem of securing the proper stiffness for comfort. To 
obtain an analytical description of the criterion for comfort it is necessary to 
know, first, the form of the function of period and amplitude that corresponds to 
sensation. This function has been commonly assumed to be acceleration, 
which, since amplitude is proportional to static deflection, is described by the 


ror? : : : : : 
ratio, a y being the deflection and T, the vibration period. The conclusion 


reached by Mallock that there has been some experimental work indicating 
vibration reaches the threshold of sensation at an acceleration of 1% of g. 
The vibrations involved, however, were tremors of the order of 5 to 25 per sec; 
the results, therefore, do not apply to windsway. The writer has felt vibrations 
of an amplitude of about 0.5 in. at 13 per min, which gave an acceleration of only 
about 0.25% of g. It seems that the feeling of slow sway is different in kind 
from the feeling of tremor. It is possible that tremor may be a muscle or skin 
sensation, whereas sway may be a sensation of the semi-circular canals. 
Another seeming fact throws light on this question. If a tower of given size 
and weight were to be made twice as stiff by the addition of extra bracing, the 
acceleration would not be changed because the amplitude would be cut ty two 


and the period would be divided by V2, leaving 5 unchanged. Adding 


stiffness to a tower without changing the weight, therefore, does not improve 


its acceleration; yet it seems fairly clear from observation that the stiffer tower 
is the more comfortable. 


If the function is not a it seems necessary to make tests on a shaking- 


table in a psychological laboratory to find out what the function is. The next 


1“ Stiffness of Sky-Scra a2 i 
Paris, France, May, 1932, pers,” International Assoc. for Bridge and Structural Eng., 
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step would be to measure a large number of towers for 7 and y, by means of the 
seismograph for T' and analysis using the weights so as to find y. Then, using 
the necessary function of T and y, these towers may be arranged in statistical 
order, from the worst to the best. By observing this array one can then pick 
the desired flexibility or stiffness to correspond with the quality of building 
desired. Thus, a tower can be planned so that its amplitude and period areina 


class with the Woolworth Building or the Metropolitan Life Building (both in 


New York City), or, on the other hand, one may design with just sufficient 
strength to pass inspection, according to the proposed use and the character of 
the job. Buildings to be used for sleeping should naturally be steadier than an 
office building needs to be. Note that amplitude can be reduced by additional 
bracing, but only with a corresponding increase in speed of vibration. Speed, 
however, can be reduced without changing the amplitude, by adding weight at 
the top. The architect’s ideal of a “‘tin tower,”’ made of light weight materials, 
is, therefore, not consistent with comfort, above a very limited ratio of 
slenderness. 

The lines of research sketched herein would require considerable time and 
money, but if a new skyscraper era were to occur, with higher and more slender 
towers, such research, continuing the valuable pioneer work reported by 
Professor Rathbun, seems necessary to obtain a rational method of design 
for the major factor of commercial success—the occupants’ feeling of security. 


CiypE T. Morris," M. Am. Soc. C. E. (by letter).4%*—The fact that so 
little has been published giving observed data on the stresses and deformations 
produced in actual buildings by the wind, makes this paper especially valuable, 
even though definite conclusions and recommendations cannot be drawn from 
these data. 

The observations of the air currents surrounding the building and of the 

variation of the pressure recorded on the manometers show the futility of 
extreme refinements in the mathematical calculation of wind stresses. This 
does not mean, however, that the elastic theory of stress distribution may be 
discarded, but only that the basic values of the wind pressure used may be in 
error. : 
From the observed deflections of the building Professor Rathbun computes 
the equivalent uniform wind pressure to have been 13.4 lb per sq ft at a wind 
velocity of about 60 miles per hr (see following Equations (4)). If it is assumed 
that the pressure increases as the square of the velocity an equivalent pressure 
of 20 Ib per sq ft would be caused by a wind velocity of about 73 miles per hr 
which would indicate that the usual assumption of 20 lb per sq ft being taken 
entirely by the steel frame is not too conservative. Conclusion (8), that the 
masonry increases the rigidity of the building about 350% more than that of the 
unsupported frame, must not be construed to mean that the masonry increases 
the load-carrying capacity by that amount. 


' 18 Prof,, Civ. Eng., Ohio State Univ., Columbus, Ohio. 
18a Received by the Secretary October 10, 1988. 
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PRELIMINARY DESIGN OF 
SUSPENSION BRIDGES 


Discussion 


By LEON S. MolIssEIFF, M. AM. Soc. C. E. 


Leon S. Morsserrr,*? M. Am. Soc. C. E. (by letter).**—The literature on 
suspension bridges has received an interesting contribution in this paper. A 
clear understanding of the distortional behavior of suspension bridges, and of 
the functioning of stiffening trusses, is not as common among engineers as it 
is generally assumed to be. The facts that, with the exception of suspension 
bridges, all other bridges may be treated as rigid structures and that suspen- 
sion bridges are relatively smallin number, rightly lead to directing the attention 
of engineering students to rigid bridges. The distortions of rigid bridges 
under live load, wind, and temperature are small enough not to affect the 
primary stresses of their frames. This does not hold true for suspension 
bridges. In these bridges the distortion of the structure under live load and 
other outside causes exerts a marked and determining effect on the stresses 
in the various members of the combined structure. Suspension bridges, 
therefore, require a different analytical approach than rigid bridges and, as a 
consequence, the considerations covering their design are also different. 

The authors’ approach to the problem, through a study of the behavior 
of an unstiffened cable, is efficient for the purpose of a qualitative appreciation 
of the functioning of suspension bridges. Such studies were made a century 
ago by Navier, Rebhan, and others. That these studies dealt with the un- 
stiffened cable was an outcome of the fact that, in those days, suspension bridges 
were not stiffened systematically. For the light wagon loads of those times 
a braced railing was considered sufficient. These studies contained much in- 


formative material, and offered a good insight into the general behavior of 
suspension bridges. 


Nory.—The paper by Shortridge, Hardesty and Harold BE. Wessman, Members, Am. Soe 
C. H., was published in January, 1938, Proceedings. Discussion on this paper has appeared 
in Proceedings, as follows: May, 1988, by Messrs. A. W. Fischer, and Jacob Karol; June, 
1938, by Messrs. Glenn B. Woodruff and Norman C. Raab; September, 1938, by Messrs. 
Betas Cross, and A. A. Bremin; and October, 1938, by Messrs. A. Fraser Rose and William 
A. Rose. a 

32 Cons. Engr., New York, N. Y. 


®2a Received by the Secretary October 17, 1938. 
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After experience had shown that light, unstiffened suspension bridges were 


neither comfortable for travel nor safe against wind, engineers began to stiffen 


them. For the short-span bridges built in the early times the attachment of 


~ any sizable stiffening girder supplied more than sufficient stiffness. In fact, 


the girders were so stiff that it appeared to be logical to assume the beam as 
perfectly rigid. A simple static solution then became possible and was readily 
established. It formed the basis of the well-known Rankine-Ritter theory. 
This was the suspension bridge theory taught in engineering schools fifty years 
ago, which assumed a rigid truss suspended from the cables. The assumption 
of absolute rigidity of the stiffening truss tacitly involved the unchanged form 


__ of the original curve of the cable, and precluded the recognition of the deforma- 


tions of the structure. The effect of the “dead,” or original, load on a suspen- 
sion bridge could not be considered. The Rankine-Ritter theory ignores it. 


To this statement should be added that at that period of engineering the 
- elastic behavior of bridges had not as yet come into practical application. In 


general, bridges were small, relatively stiff, and the elasticity of the members 
could equally be ignored. 

With the greater use of metallic bridges the effect of temperature variation 
was recognized in the course of time, and a correction was introduced in the 
stiffening-truss formulas to allow for the change in length of cable due to 
change in temperature. Soon, thereafter, the elongation of the cables due to 
change of load also received recognition, and the correction was extended to 
provide for it. 

By that time the study of the elastic behavior of metallic structures 


had attained a high development and was extended to suspension bridges. 
' The elastic theory, which was then developed, took account of the elasticity 
_of the various parts forming a suspension bridge and forgot the effect of the 
- dead or original load of the bridge. The deflection theory takes this effect 


into consideration as its basic idea. It has proved that the effect of the dead 


load or, more precisely, the pull in the cable due to it, is of serious importance 
and sometimes completely controls the design and behavior of the bridge. 
- The elastic theory has outlived its usefulness as a tool for designing suspension 
_ bridges. 


The authors are aware of these developments, and they approach the 


j problem with an educated understanding. Step by step, consistently adhering 
_ to the function of the stiffening truss and its conditioned behavior in the bridge, 


the authors approach an intelligent approximation of the more accurate 
solution. Taking into account the results of the computations of some modern 


suspension bridges, they make empirical approximations adjusted to these 


“ 


results and arrive at a procedure for a preliminary design. 

The comparisons, given in Table 1, of the results obtained by the pre- 
liminary method as against those obtained by the deflection theory, are close 
and satisfactory for the purpose. The range of the data, however, has too 


- narrow a compass. 


- 


In the Golden Gate Bridge, in San Francisco, Calif., with a main span of 


~ 4 200 ft, dead load of 21 000 Ib per lin ft, and live load of 4 000 Ib, the greatest 


positive moment is found at 0.126 of the span length from the tower, and it is 
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10% greater than at the quarter-point. Attention is also called to the fact 
that the stress due to live load in the Golden Gate Bridge is only 30% of the 
total stress and that the remaining 70% is due to the transverse wind. 

In the Whitestone Bridge, in New York, N. Y., with a span of 2 300 ft, 
dead load of 11 000 lb per lin ft, and live load of 3 000 lb, the moment at the 
quarter-point, by the authors’ approximate method, is 5172 kip-ft, and by 
the deflection theory, it is 5000 kip-ft, which is very close; but, again, this 
moment is not the maximum moment. The maximum moment occurs at one- 
tenth the span length from the tower, and amounts to 6 360 kip-ft. This is 
23% greater than at the quarter-point. Evidently, the assumption that the 
maximum moment is at the quarter-point in all bridges is incorrect, and the 
method proposed should be handled with care. 

The writer disagrees with the authors that the steps involved at arriving 
at results by the approximate method will take less time than by using the 
deflection theory procedure directly. After all, it depends entirely on one’s 
familiarity with this procedure. That a computation machine should be used 
for rapid and accurate results is true; but an engineering office engaged in 
designing suspension bridges is supposed to be so equipped. 
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COST OF ENERGY GENERATION 
SECOND SYMPOSIUM ON POWER COSTS 


Discussion 
By R. H. PARsons, Esq. 


R. H. Parsons,®* Esa. (by letter).5**—Since most of the operating charges of 
a given hydro-electric system, such as labor, management, maintenance, etc., 
are almost independent of the load, and as the capital charges are also constant, 
it is reasonable to assume, as Mr. Page does (see heading, “Effect of Load 
Factor’), that the cost of producing hydro power will be inversely proportional 
to the annual load factor. It must be remembered, however, that the con- 
sumer of electricity pays only for current at his own terminals, so that the 
‘capital charges and operating expenses of long transmission lines usually will 
have to be added to those of the hydro station before the minimum selling 
price of the power can be determined. 
As far as fixed charges are concerned, of course, the same conditions apply 
‘to a steam power station, but the latter has the advantage that it can be built 
‘and extended as required by the demand at the time, thus reducing idle capital 
expenditure to the minimum; and the greater freedom in the choice of its loca- 
tion avoids the cost of long transmission lines. The fixed charges on a steam 
‘plant, therefore, are always substantially less than those of a hydro plant, so 
“that as regards these charges only, the cost of steam-generated power to the 
consumer will be much less affected by a poor load factor on the system. In 
1928, Professor A. G. Christie®® suggested a formula of the type: British 
thermal unit per kilowatt-hour = a+ es , as showing the effect of the 


load factor on the heat consumption of a power station. This formula, how- 


Notn.—This Symposium was presented at the meeting of the Power Division, New 
York, N. Y., January 20, 1938, and published in April, 1938, Proceedings. Discussion on 
this Symposium has appeared in Proceedings, as follows: October, 1938, by Messrs. Joel D. 
Justin, Frank H. Mason, W. V. Burnell, Daniel W. Mead, A. G. Christie, William B. 
Rudolph, Louis Elliott, H. G. Gerdes, Leverett S. Lyon, John T, Madden, R. L. Thomas, 
Theodore B. Parker, Philip Sporn, L. N. McClellan, James C. Bonbright, R. Robinson Rowe, 
VY. B. Libbey, and Edwin D. Dreyfus. 

 Wner., C. A. Parsons & Co., Ltd., Newcastle-on-Tyne, England. 

68a Received by the Secretary August 23, 1938. 


6 “Peak Load Problems in Steam Power Stations,” by A. G. Christie, read before the 
“meeting of A.S.M.E. at its meeting in New York, N. Y., December, 1928 (F.S.P. 51-24). 
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ever, is open to the serious objection that it takes no account of the magnitude 
of the output. Indeed, it would imply that any station running steadily for ¢ 
year at half load would have the same heat consumption per kilowatt-hour a 
if it had been running steadily at full load, for the load factor would be the same 
(100%) in both cases. 

Referring to the remarks of Mr. Whitman the point that is often overlookec 
when comparing the capital costs of hydro and steam plants for a given duty 
or when considering the part to be played by each in a combined system, is th 
advantage the steam turbine possesses in respect to overload capacity. By; 
judicious design it is possible to construct a large steam turbine for a maximun 
output equal to practically double the most economical output, and to attail 
this result with only a very slight sacrifice of efficiency at the higher loads 
In power stations, the use of turbines with large overload capacities was full; 
dealt with in a paper”? read by Sir C. A. Parsons and R. Dowson at the Worlc 
Power Conference, at Berlin, Germany, in 1930. It can be shown that turbo: 
generators having a continuous rating of 75% instead of the more usual 25% 
in excess of the most economical rating would provide a very large emergenc} 
capacity for about one-third the cost of installing extra plant for such emer: 
gency, thus giving a lower total cost per unit generated, which after all is mor 
important to the consumer than spectacular thermal efficiency results. 

In his recapitulation of the various features of the papers, Mr. Uhl, referrins 
to the depreciation and obsolescence of steam and hydro plants, states thai 
the average rate of depreciation may be as high as 5% for a steam plant and as 
low as 2% for a hydro plant (see ‘“Elements of Power Cost: (2) Depreciatior 
and Obsolescence’). Taking his own estimates of life, however, it is equally 
true that the depreciation of a hydro plant may be as high as 2.5%, and that 
of a steam plant as low as 3 per cent. There are turbo-generators running 
to-day in British steam stations which were installed 34 yr ago (in 1904), anc 
it is found economical to keep them in service in spite of their obsolete stean 
conditions and design. Mr. Uhl (see heading “Steam and Water Powel 
Combined”) claims advantages for hydro plants over steam plants in the 
matter of starting-up time. It is certainly true that to start up a steam statior 
with everything cold, would normally take several hours, but such a require 
ment is so rare that it need scarcely be considered. A turbine, equipped witl 
slow-speed turning gear, can be put on the line from the cold condition in : 
matter of minutes should this be necessary, and boilers are now being developec 
which will provide steam from a cold start almost as quickly. 


7 'The Use in Power Stations of Steam Turbines Havi ith Their Auxiliaries L 
Overload Capacities,” by the Hon. Sir Charles A. Pars econ SowHon eam "te 
Second World Power Conference, Berlin, Germany, 1930.) and. Dow aan 
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LATERAL EARTH AND CONCRETE PRESSURES 


et Bail 


Discussion 


BY Aw E.-CummMIncs, M. Am. Soc, GC. E, 


A. E. Cummines,® M. Am. Soc. C. E. (by letter) .**—An interesting analysis 
of the problem of lateral pressures is contained in this paper.%* However, from 
Fig. 2 and the supporting remarks, it appears that ‘the authors have mis- 
interpreted the nature of the horizontal stresses due to surface loads. 

Referring to Fig. 3(a), the complete representation of stress at the point, O, 
would include three normal stresses and three shearing stresses. For the pur- 
pose of this discussion, it is not necessary to consider the shearing stresses. 
The three normal stresses are: 


Ble ee 
mn Oe ae See the SAOP cl Gue Cree ON Oe oe OS (34a) 
a toy ewer gst ee ee ea | 
Py ee p ect 2 4) p? p (z+ py? . . (340) 
and, 
Beri ics a 2 ie oe ee 
Pe x | aes 20) {4 p® (2 + p)? ee 


These stresses are written in rectangular co-ordinates. The plus sign repre- 
sents tension and the minus sign compression. The subscripts, x, y, and 2z, 
refer to the co-ordinate axis with which the stress is parallel. This discussion 
will concern itself with the stress, pz, which corresponds to the authors’ stress, 
F, in Equation (12). 

Fig. 8 represents the X—Zfplane of Fig. 3(a). Line R&S is the trace on 
the X-Z plane of an imaginary plane which is parallel to the Y—Z plane. 


Norr.—The paper by Lazarus White and George Paaswell, Members, Am. Soc. C. E., 
was published in September, 1988, Proceedings. This discussion is printed in Proceedings 
in order that the views expressed may be brought before all members for further discussion 
of the paper. 

®Dist. Mgr., Raymond Concrete Pile Co., Chicago, Il. 

9 Received by the Secretary October 3, 1938. 

9» Correction for Transactions: In the Appendix change the definition of F to read 
“Total lateral pressure per unit of area.” 
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The unit horizontal stress, pz, at any point on the line, R S, is given by Equa- 
tion (34c). Inspection of this equation does not show whether the stress is 
tension or compression. However, it is a simple matter to determine the 
nature of this stress at the point, 7’, which is on the surface of the solid. 

Substitution of z = 0 and p = x in 
P Equation (34c) gives: 


£ P 
Pz = (1 — 2 1) ae 


Tension as 
In a similar manner the nature of this 
stress at any point on the Z-axis may 
be determined. Substitution of x = 0 
and p = z in Equation (34c) gives: 


i 
Pe = 1 2 8) ae 


Since mw is never numerically 
greater than 0.5 in any elastic solid, 
AS Ea the right-hand sides of Equations 
(35) are positive for all elastic 
Zz solids. Stress pz, therefore, is a 

Fic. 8 tension at the point, 7, and at 

all points on the Z-axis. For an 

incompressible material (u = 0.5) Stress pz becomes zero at the point, T, 

and at all points on the Z-axis. In elastic materials with y-values less than 

0.5, the stress, pz, on the line, R S, is a tension from the surface down to some 

point, V. At the point, V, the stress changes sign and becomes a compression. 

It is a compression down to the point, W, where it again changes sign and be- 
comes a tension. 

The location of the points, V and W, can be determined from Equation 
(34c) by setting the expression in square brackets equal to zero. In the new 


equation thus obtained, it is necessary to substitute x? = p? — 2? and , = cos B. 


Reduction of the equation then leads to, 
cos B + cos? B — cos? B — cos! B = 


It is seen from Equation (36) that the positions of the points, V and W, are 
determined by the elastic properties of the material. For a given numerical 
value of yw, the angle, 8, can be found by solving the fourth-order equation in 
cos 8. When uw = 0.2, Equation (36) has two real roots which are (approxi- 
mately) cos B; = 0.175 and cos B. = 0.945. The other two roots are a pair 
of conjugate complex numbers which have no physical meaning in this problem. 
Therefore, in an elastic solid having uw = 0.2, the angle, 1, is about 80° and 
the angle, Be, is about 19 degrees. 

It should be noted that Equation (36) applies only in the X-Z plane. In 
order to locate the regions of tension and compression throughout the three- 


— so 
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dimensional space, it is necessary to use Equation (34c). The numerical 
value of wu, together with the numerical values of the co-ordinates of a given 
point, must be substituted in the equation. If the right-hand side of the 
equation is positive, the stress is a tension at the given point. When the right- 
hand side of the equation is negative, the stress is compression. Numerical 
calculation with Equation (34c) is rather laborious although it involves less 
labor than is required to calculate with Equations (12), (13a), and (186). 

In a practical problem, the given dimensions would be the rectangular co- 
ordinates of the point at which the stress was to be determined. These 
dimensions could be substituted directly in Equation (34c). In order to use 
Equations (12), (13a), and (130) it would be necessary to transform the rec- 
tangular co-ordinates, z, y, and z, into spherical co-ordinates a, 8, and p, 
and then to substitute the spherical co-ordinates in the equations. The writer 
is unable to understand why the authors chose to handle this rectangular 
problem in spherical co-ordinates since the method does not simplify the 
problem in any way. 

Furthermore, if it is considered desirable to use angles instead of rec- 
tangular co-ordinates, it is much easier to use the direction cosines of the 
radius vector, p, than it is to transform the entire problem to spherical co- 
ordinates. If 8 is the angle between p and the Z-axis and if ¢ is the angle 
between p and the X-axis, Equation (34c) can be expressed in terms of functions 
of these angles as follows: 


"2 


ze a| — soos d cos 8 + (1-24) {cose — See, ban 
T p 


Be 1+ cos 6 


It is easy to see that Equation (37) is much less complicated than Equations 
(12), (18a), and (130). 

In connection with Fig. 2, the authors state that they are ignoring any 
effect that may be caused by the introduction of the free vertical surface. 
In effect, this means that the wall in Fig. 2 represents nothing more than the 
imaginary plane, R S, in Fig. 8. However, the horizontal stress on the line, 
RS, is a tension near the surface, and it changes to a compression at some 
point, V, below the surface. At the point, W, the stress changes again from a 
compression back to a tension. Even with the simplifying assumption made 
by the authors, Fig. 2 does not represent the typical distribution of lateral 
stress on a vertical plane due to a point load on the surface of the semi-infinite 
elastic solid. 

As far as the actual effect of the free vertical surface is concerned, this 
problem has been studied both theoretically and experimentally. A theoretical 
analysis has been published by Raymond D. Mindlin,® Jun. Am. Soc. C. E. 
The same problem has been the subject of considerable experimental investiga- 
tion conducted by M. G. Spangler," Assoc. M. Am. Soc. C. E. Mr. Mindlin’s 
analysis and Mr. Spangler’s experiments indicate that the actual pressure on 


10 Proceedings, International Conference on Soil Mechanics and Foundation Engi- 
neering, Vol. III, 1936, p. 155. 
4 Bulletin No. 140, Iowa Eng. Hxperiment Station, 1938. 
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the back of the wall due to a load at the surface is considerably different from 
Fig. 2. In other words, it has already been demonstrated that the free vertical 
surface has a decided effect on the stress distribution so that the authors’ 
assumption about this question was not justified. 

It is interesting to note that the authors’ equations themselves, disprove 
the validity of Fig. 2. Table 1 shows that there are regions in the semi- 
infinite elastic solid where the horizontal stress, 7, is a tension. This table 
also shows that the value of u determines the amount of the tension and the 
region in which the tension occurs. Throughout Table 1, the X—Z plane is 
represented by a = 0. In that part of the table which is calculated for 
uw = 0.2, the stress for a = 0 is tension when £ lies between zero and 20° 
and it is also tension when £8 lies between 80 and 90 degrees. This agrees 
exactly with the results obtained from Equation (36). 

It can also be seen quite easily that Fig. 2 does not represent the char- 
acteristic lateral pressure distribution due to the types of loading shown in 
Fig. 4. Throughout Fig. 4, the ground surface is represented by y = 0. By 
inspection, it can be seen that the substitution of y = 0 in Equation (24) 
will make F = 0. In other words, the stress, F, in Fig. 4(a) is zero at the 
ground surface. Substitution of y = 0 in Equations (25a), (26a), and (27) 
shows that the stress, /’, is zero at the ground surface for all the types of loading 
shown in Fig. 4. a 

In conclusion, the writer wishes to call attention to an important point 
in connection with problems of this kind. Aside from the fact that Fig. 2 
does not represent the typical distribution of lateral stress on a vertical plane 
for any kind of surface loading on a semi-infinite elastic solid, there is the 
question of ignoring the free vertical surface on the assumption that the 
neglect of this factor introduces no serious error. Most problems in the theory 
of elasticity can be described as boundary value problems. The problem is 
usually set up as a differential equation for which a particular solution is 
determined by the use of certain boundary conditions. With a different set 
of boundary conditions, the solution of the differential equation may be 
entirely different. For all the various types of surface loads mentioned in this 
paper, the authors’ equations for F were derived on the assumption that the 
elastic solid was infinitely deep and that its plane horizontal boundary extended 
to infinity in both horizontal directions. The solutions of the differential 
equations were required to satisfy certain conditions at infinity and certain 
other conditions on the free horizontal boundary. Equations derived for these 
boundary conditions could not be expected to be valid when a new boundary 
condition is introduced in the form of a free vertical surface not far from the 
load. Mr. Spangler’s experiments" show that the maximum horizontal pres- 
sures on the back of the wall could be at least twice as great as those calculated 
with Equation (12) even in a material having w = 0.5. For smaller values of 
u, Equation (12) gives tensions in certain parts of the stress field but tension 
could not exist unless the soil were somehow fastened to the back of the wall. 
These are conditions that should be kept in mind by any one attempting to” 
calculate pressures on retaining walls with the equations in this paper. 
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